REMARKS 

In the Office Action dated November 16, 2006, claims 1-18 and 79-137 are pending, 
of which claims 4-8, 17, 79-80, 89-99, 101, 107, 111-115, 121-123 and 126-137 are withdrawn 
from consideration. Claims 1-3, 9-16, 18, 81-88, 100, 102-106, 108-110, 116-120, and 124- 
125 are under examination and are rejected. 

This Response addresses each of the Examiner's rejections. Applicants therefore 
respectfully submit that the present application is in condition for allowance. Favorable 
consideration of all pending claims is therefore respectfully requested. 

Claims 1-3, 9-16, 18, 81-88, 100, 102-106, 108-110, 116-120, 124 and 125 are 
rejected under 35 U.S.C. §112, first paragraph, as failing to comply with the written description 
requirement. 

In Applicants 1 previous Response, independent claims were amended to delete the 
references to "derivative" and "equivalent" of GPI and to define the structure of the GPI 
molecule by its conserved core glycan. Dependent claims were also amended to delete those 
formulas that do not contain the conserved core glycan structure. The Examiner states in the 
instant Office Action that dependent claims 1 1, 86 and 116 still recite "derivative" and 
"equivalent" of GPL Additionally, the Examiner indicates that dependent claims 1 1, 86 and 
116 still contain formulas that do not contain the conserved core glycan. 

Claims 11-13, 86-88 and 1 16-118 are also rejected under 35 U.S.C. §112, second 
paragraph, as allegedly indefinite. The Examiner observes that claims 1 1, 86 and 116 depend 
from claims 1,81 and 109, respectively, and recite the formulas 

"Ma2[Mcx2][G]Ma6Ma4Ga6Ino-Y" and "Ma2[M<x2][X]Ma6Ma4Ga6Ino-Y", as well as "or 
derivatives or equivalents thereof'. Base claims 1,81 and 109 recite the limitation "wherein the 
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GPI molecule comprises M(x2Ma6Ma4Ga6Ino-Y". The Examiner contends that the formulas 
recited in claims 1 1 5 86 and 1 16 do not comprise the core structure recited in the base claims. 

By way of the instant amendment, Applicants have amended claims 1 1, 86 and 116 
to delete the references to "derivative" and "equivalent" of GPL Applicants further respectfully 
submit that all of the formulas presently recited in the claims, including those recited in claims 
1 1, 86 and 116, contain the conserved core glycan structure. If the Examiner believes that a 
telephone interview or a diagram illustration is helpful, Applicants respectfully request that the 
Examiner telephone the undersigned attorney to clarify the issue. 

In view of the foregoing, Applicants respectfully submit that the rejections under 35 
U.S.C. §112, first paragraph (written description) and second paragraph, are overcome. 
Withdrawal of the rejections is respectfully requested. 

Claims 1-3, 9-16, 18, 81-88, 100, 102-106, 108-110, 116-120, 124 and 125 are 
rejected under 35 U.S.C. §112, first paragraph, for lacking enablement. 

In the first instance, the Examiner states that claims 1 1, 86 and 1 16 still recite 
"derivative" and "equivalent" of GPI. Applicants respectfully submit that this aspect of the 
rejection is moot in view of the deletion of these terms from claims 1 1, 86 and 116. 

The Examiner also maintains that the specification does not provide enablement 
with respect to treatment or prophylaxis of any disease condition, in any mammal. Specifically, 
the Examiner alleges that the specification does not provide any working examples of treatment 
or prophylaxis of any condition or disease in vivo. Relying on Carvalho et al. and de Souza et 
al., the Examiner questions the applicability of GPI molecules to induction of clinical 
immunity, as well as the applicability of the observations made with a murine malaria model to 
humans. 
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Applicants previously submitted that this aspect of the enablement rejection should 
only apply, if at all, to claims 103, 109, 124 and their dependent claims, but not to claims 1,18 
and 81 or their dependent claims. The Examiner has not responded to Applicants argument in 
this regard. 

With respect to the Examiner's concern with respect to treating any and all diseases, 
Applicants wish to direct the Examiner's attention to the characterizations of the preferred 
disease conditions to be treated, as recited in the present claims. Specifically, claim 109 is 
directed to treating a mammalian disease condition characterized by a microorganism infection; 
and in dependent claim 120, such infection is a parasite infection. Claim 124 is directed to 
treating a mammalian disease condition characterized by the insufficiency or absence of an 
appropriate TH2 response; and in dependent claim 125, such disease is cerebral malaria, type I 
diabetes, autoimmune arthritis or systemic lupus erythromatosis. 

The Examiner has cited de Souza et al. in stating that studies of the levels of anti- 
GPI antibodies from people living in areas of seasonal malaria transmission do not provide 
strong evidence that anti-GPI antibodies would confer resistance to malarial diseases. 
Applicants respectfully submit that many references contradict the position of de Souza et al, 
including Naik et al. (J, Exp. Med. 192: 1563, 2000) and Perraut et al. (Microbes Infect 4: 682, 
2005), attached hereto as Exhibits 1-2. Furthermore, Applicants respectfully submit that the de 
Souza et al. reference, relied upon by the Examiner, discusses the protective role of antibodies 
against GPL This is irrelevant to the present invention, which is directed to the activation of T 
cells. T cells may provide protection where antibodies do not. 

Applicants further respectfully submit that GPIs have been shown to activate NK-T 
cells (see, e.g., Schofield et al, Science 283: 225-229, 1999, attached hereto as Exhibit 3); and 
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these same T cells have been further demonstrated to protect again malaria (see, e.g., Hansen et 
al., Immunity 18: 391-402, 2003, attached hereto as Exhibit 4). Applicants respectfully submit 
that because these T cells are invariant and only recognize one dominant antigen (unlike 
conventional T cells, these T cells do not vary their T cell receptor repertoire), those skilled in 
the art would deduce, based on the present teaching, that expanding these T cells by exposure to 
GPI would provide protection against malaria. In this connection, Applicants direct the 
Examiner's attention to Figure 1 of the specification, which demonstrates that these T cells have 
a valuable effect in preventing disease in mice. 

Moreover, in contrast to the Examiner's position, the Plasmodium berghei malaria 
infection of mice and rats is well recognized by a weight of scientific opinion to model the most 
important features of human malarial pathogenesis, and is used by many laboratories to provide 
a scientific basis and well accepted model for interventions against life threatening disease in 
humans. In this regard, Applicants provide the following scientific publications in support of 
the value of the murine malaria model: Schofield L. and Grau GE. (Nat Rev. Immunol 5: 722- 
735, 2005); Evans, K.J. et al. (Blood 107: 1 192-1 199, 2005); Barnell J. (Blood 1007: 854, 
2006); and Lou et al (Clinical Microbiology Reviews 14: 810, 2001), attached hereto as 
Exhibits 5-8. It is respectfully submitted that to those skilled in the art, an ability of GPI 
molecules to induce T-cell mediated immunity in P. berghei-infected mice, as shown in the 
present application, can be extrapolated to treating relevant diseases in other animals, including 
human. 

In view of the foregoing, Applicants respectfully submit that the present 
specification provides sufficient guidance for those skilled in the art to practice the methods as 
presently claimed without undue experimentation. As such, Applicants respectfully submit that 
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the enablement rejection under 35 U.S.C. §112, first paragraph, is overcome. Withdrawal of 
the rejection is respectfully requested. 

Claims 1-3, 9-16, 18, 81-88, 100 and 102 are rejected under 35 U.S.C. § 102(b), as 
anticipated by Schofield et al. (J. Exp, Med 177:145-153, 1993), as allegedly evidenced by a 
number of secondary references. 

The Examiner contends that Schofield et al. (1993) teach administration of GPI, 
which would inherently result in GPI binding to CD1 and activation of Th cells, and therefore 
meet the limitation of the claims. Although the Examiner recognizes that Schofield et al. 
(1993) do not teach anywhere the structure of GPI molecules that is required to induce a CD1 
restricted response, the Examiner contends, however, that the GPIs taught by Schofield et al. 
(1993) inherently have the core structure recited in the instant claims, as evidenced by the cited 
evidentiary references. 

Applicants respectfully submit that the administration of the GPI molecules in the 
Schofield (1993) reference caused the death of the host by activating macrophages which 
produce TNF. This occurred due to the intraperitoneal administration of GPI together with D. 
galactosamine, causing hyperactivation of macrophages and, hence, death of the host. Further, 
in Schofield (1993), prior to administration of these molecules, the mice were subjected to 
intraperitoneal administration of thioglycollate in order to elicit a dominant macrophage 
population. This is a very specific form of bioassay, which was designed to promote the death 
endpoint due to the fact that the macrophages would preferentially interact with GPFs. This is 
an entirely different type of assay from the treatment method which is claimed and exemplified 
in the present application where the GPI's are designed to activate T cells to protect the host. 
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Accordingly, in light of the different treatment regime and the distinctly different 
endpoint, Applicants respectfully submit that Schofield et al. (1993) cannot be considered to 
have inherently disclosed the present invention. In particular, the fact that the mice were 
pretreated so as to skew them towards a macrophage response in the reference would in fact 
teach away from the inherent complexing of these GPI molecules to CD1 in order to induce 
NK1.1 T helper cell activation. Therefore, it is respectfully submitted that the § 102(b) rejection 
based on Schofield et al. (1993) is overcome. Withdrawal of the rejection is respectfully 
requested. 

Claims 11-13, 86-88 and 116-118 are rejected under 35 U.S.C. §102(a) as 
anticipated by Schofield et al. {Science 283:225-229, January 1999), as evidenced by van Joost 
et al. (J. Amer. Acad. Dermatol. 27:922-8, 1992) and Paul (Fundamental Immunol. 2 nd Ed., 
1989, New York, Raven Press, page 405). 

In response, Applicants respectfully submit herewith a Katz Declaration (Exhibit 9), 
signed by the present inventors, which is believed to have established that the inventors of the 
present application are the only inventors of the subject matter disclosed in Schofield et al. 
(1999). As stated in the Declaration, while there are five other individuals listed as co-authors 
on the Schofield et al. (1999) publication, they are not co-inventors of the subject matter 
described therein, and their contribution was limited to technical assistance. 

Applicants respectfully submit that disclosure of a publication that occurred less 
than one year before Applicants' application comes within scope of § 102(a) only if description 
is not of applicants' own work. In re Katz . 215 USPQ 14, 18 (CCPA 1982). Because the 
Declaration has sufficiently established that the work described in the Schofield et al. (1999) 
publication is not work by "another" within the meaning of § 102(a), Applicants submit that the 
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Schofield et al. (1999) publication is not prior art under § 102(a). As such, withdrawal of the 
§ 102(a) rejection based on Schofield et al. (1999) is respectfully requested. 

As further set forth in the Office Action, the Examiner has rejected all pending 
claims under 35 U.S.C. § 103(a) as allegedly obvious based on WO 99/52547, in combination 
with Gerold et al. (J. Biol. Chem. 269(4): 2597-2606, 1994) and Gerold et al. (MoL Biochem. 
Parasit. 75: 131-143, 1996). 

Specifically, the Examiner contends that WO 99/52547 teaches treatment of malaria 
or other parasitic infections by administering a CD 1 -binding GPI to induce a CD4+ T cell 
response. The Examiner admits that WO 99/52547 does not teach the treatment of malaria or 
other parasitic infections comprising a GPI that comprises the structure recited in the instant 
claims. However, the Examiner contends that the secondary references to Gerold et al. teach 
the structure of the MSP-1 and MSP2 GPIs from malaria. According to the Examiner, it would 
have been obvious to one of ordinary skill in the art at the time the invention was made to have 
used the malaria GPIs taught by Gerold et al. as the GPI in the method taught by WO 99/52547. 

In this regard, Applicants observe that the Examiner has withdrawn the previous 
anticipation rejection based on WO 99/52547. Applicants previously argued that even 
assuming, pro arguendo, that the GPI species recited in the present claims are not entitled to the 
priority date of AU PP 6758, these GPI species are not disclosed in WO 99/52547 either. 

For the same reason, Applicants respectfully submit that WO 99/52547 cannot 
properly serve as a prior art reference to support the instant § 103(a) rejection. In particular, 
WO 99/52547 has a publication date of October 21, 1999, i.e., after the priority date of the 
present application of October 27, 1998. The subject matter allegedly taught in WO 99/52547 
and relied upon by the Examiner in raising the instant obviousness rejection, is present in 
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Applicants' priority document, AU PP 6758 3 filed before the publication of WO 99/52547. In 
particular, the priority document disclosed treatment of malaria or other parasitic infections by 
administering a CD 1 -binding GPI to induce a T cell response, preferably CD4 and NK1.1 T cell 
response. See pages 5-7 of the priority document AU PP 6758, for example. 

Applicants further respectfully submit that once the alleged teaching of WO 
99/52547 relied upon by the Examiner, is shown to be present in the Applicants 1 priority 
document, Applicants have effectively antedated WO 99/52547 and therefore have disqualified 
this document as prior art. It is well established that a reference is valid only for what it 
discloses, and if the applicant establishes priority with respect to such disclosure , the reference 
is of no effect at all. In re Stemple . 241 F2d 755, 760 (CCPA 1957). In other words, 
Applicants do not need to establish priority for every element in the claimed invention relative 
to this cited reference. All that Applicants are required to do is to antedate as much as what the 
reference discloses with respect to Applicants 1 claims. 

Therefore, Applicants respectfully submit that WO 99/52547 does not constitute a 
proper "prior" art with respect to treatment of malaria or other parasitic infections by 
administering a CD 1 -binding GPI to induce a T cell response. Such deficiencies are by no 
means cured by the secondary references. Accordingly, it is respectfully submitted that the 
§103 rejection based on WO 99/52547 in view of the references to Gerold et al. is overcome. 
Withdrawal of the rejection is respectfully requested. 

Claims 1-3, 9-16, 18, 81-88, 100, 102-106, 108-110, 116-120, 124 and 125 are also 
rejected under 35 U.S.C. 103(a) as obvious over WO 99/52547 in view of Schofield et al. 
{Science 283: 225-229, 1999). Further, Claims 1-3, 9-16, 18, 81-88, 100, 102-106, 108-110, 
1 16-120, 124 and 125 are rejected under 25 U.S.C. 103(a) as obvious over WO 99/52547 (in 
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view of Schofield et al. (J. Exp. Med. 177: 145-153, 1993). 

As submitted above, WO 99/52547 does not constitute a proper "prior" art with 
respect to treatment of malaria or other parasitic infections by administering a CD 1 -binding GPI 
to induce a T cell response; and the deficiencies are not cured by any of the secondary 
references. Accordingly, it is respectfully submitted that these §103 rejections based on WO 
99/52547 are overcome. Withdrawal of these rejections is respectfully requested. 

The Examiner has also rejected all pending claims under 35 U.S.C. §103(a) as 
obvious over WO 99/12562 A 1 in view of various secondary references. 

Essentially, the Examiner contends that WO 99/12562 Al teaches treatment of 
parasitic infections in a mammal, including malaria, by administering a CD 1 -restricted antigen, 
such as a GPL The Examiner admits that WO 99/12562 Al does not teach the treatment of 
malaria or other parasitic infections comprising a GPI that comprises the structure recited in the 
instant claims. However, the Examiner contends that such a GPI molecule is taught by the 
secondary references. 

Applicants respectfully submit that similar to WO 99/52547, WO 99/12562 Al has 
a publication date of March 18, 1999, after the priority date of the present application of 
October 27, 1998. Applicants further respectfully submit that the subject matter allegedly 
taught in WO 99/12562, which is relied upon by the Examiner as the primary basis of the 
instant obviousness rejection, is present in Applicants 1 priority document. Specifically, 
Applicants 1 priority document discloses treatment of parasitic infections in a mammal, 
including malaria, by administering a CD 1 -restricted antigen, such as a GPI. 

Therefore, with respect to treatment of malaria or other parasitic infections by 
administering a CD 1 -binding GPI, as presently claimed, Applicants have established priority 
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relative to WO 99/12562. W099/12562 therefore does not constitute a proper "prior" art with 
respect to such claimed subject matter under In re Stemple , Id. Additionally, the deficiencies of 
W099/12562 are not cured by any of the secondary references. Accordingly, it is respectfully 
submitted that all the §103 rejections based on W099/12562 are overcome. Withdrawal of the 
rejections is respectfully requested. 

In view of the foregoing amendments and remarks, it is firmly believed that the 
subject application is in condition for allowance, which action is earnestly solicited. 



Respectfully submitted, 




Xiaochun Zhu 
Registration No. 56,3 1 1 



Scully, Scott, Murphy & Presser, P.C. 
400 Garden City Plaza, Suite 300 
Garden City, New York 11530 
(516) 742-4343 
XZ:ab 

Ends.: Exhibits 1-9 
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Abstract 

Induction of proinflammatory cytokine responses by glycosylphosphatidylinositols (GPIs) of in- 
traerythrocytic Plasmodium falciparum is believed to contribute to malaria pathogenesis. In this 
study, we purified the GPIs of P. falciparum to homogeneity and determined their structures by 
biochemical degradations and mass spectrometry. The parasite GPIs differ from those of the 
host in that they contain palmitic (major) and myristic (minor) acids at C-2 of inositol, pre- 
dominandy CI 8:0 and CI 8:1 at sn-\ and sn-2, respectively, and do not contain additional 
phosphoethanolamine substitution in their core glycan structures. The purified parasite GPIs 
can induce tumor necrosis factor a release from macrophages. We also report a new finding 
that adults who have resistance to clinical malaria contain high levels of persistent anti-GPI an- 
tibodies, whereas susceptible children lack or have low levels of short-lived antibody response. 
Individuals who were not exposed to the malaria parasite completely lack anti-GPI antibodies. 
Absence of a persistent anti-GPI antibody response correlated with malaria-specific anemia and 
fever, suggesting that anti-GPI antibodies provide protection against clinical malaria. The anti- 
bodies are mainly directed against the acylated phosphoinositol portion of GPIs. These results 
are likely to be valuable in studies aimed at the evaluation of chemically defined structures for 
toxicity versus immunogenicity with implications for the development of GPI-based therapies 
or vaccines. 

Key words: malaria parasite • cytokine response • antigenicity • acquired immunity • 
pathogenesis 
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Introduction 

The rapid spread of drug-resistant Plasmodium falciparum 
and the lack of an effective malaria vaccine present an ur- 
gent need for alternative approaches to prevent malaria in- 
fection and pathogenesis (1). It is becoming increasingly 
clear that complete protection against malaria infection and 
illness requires multifactorial immunity (2). Currendy, 
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most vaccine efforts are aimed at immunity against infec- 
tion (antiparasitic) by targeting the parasite proteins (2-5). 
However, it has long been suggested that immunity against 
severe malaria is partly antiparasitic and partly antitoxic 
(toxic effects in response to parasite factors). The majority 
of the adults in malaria endemic areas have resistance to se- 
vere malaria. However, most children <4 yr of age are sus- 
ceptible despite exposure to high malaria transmission, 
which can produce high levels of antibodies against protein 
antigens including merozoite surface protein (MSP) 1 -!, 
erythrocyte membrane antigen (EBA)-175, and apical 
membrane antigen 1 (AMA)-l. Although antibody re- 
sponses against parasite proteins correlate with protection 
against parasitemia (Branch, O.H., unpublished results), re- 
sistance to malaria illness is independent of parasitemia lev- 
els. This agrees with the resistance of adults and older chil- 
dren to malaria pathology even though they can develop 
significant parasitemia (6); conversely, severe illness can oc- 
cur at relatively low-density parasitemias independent of 
antibody response against parasite proteins (7-9). The fac- 
tors associated with the resistance to clinical disease (anti- 
disease immunity) have not been established; understanding 
these would lead to alternative approaches for malaria con- 
trol. In this regard, parasite glycosylphosphatidylinositols 
(GPIs) appear to offer new opportunities. 

GPIs are a distinct class of glycolipids found ubiquitously 
in eukaryotic cells and implicated in several biological re- 
sponses (10-12). GPIs are particularly abundant in parasites, 
where they are found as free lipids and attached to proteins. 
In intraerythrocytic P. falciparum, GPIs represent the major 
glycoconjugates. Several functionally important parasite 
proteins, including MSP-1, MSP-2, and MSP-4, are an- 
chored to the cell membranes through GPI moieties (13- 
17). Recendy, we have shown that P. falciparum synthesizes 
GPIs in a developmental stage-specific manner and that 
GPI biosynthesis is crucial for the development and survival 
of the parasite (18). The enzyme specificity of some key 
steps of parasite GPI biosynthesis differs significandy from 
those of the host, suggesting the possibility of targeting the 
parasite GPI structures for the development of antiparasitic 
drugs. However, detailed structures of parasite GPIs have 
not been determined. Although the structures of glycan 
cores have been established using metabolically labeled 
GPIs (19, 20), details regarding the nature of various acyl 
residues and other possible substitutents were not clear 
(21). Determination of a detailed structure requires isola- 
tion of pure GPIs which, in the case of P. falciparum, is a 
challenge due to the difficulty in obtaining adequate 
amounts of parasites free of host cell components. In this 
study, we were able to successfully purify P. falciparum GPIs 
to homogeneity and establish their structures. 

1 Abbreviations used in this paper: AHM, 2,5-anhydromannirol; CL, cardio- 
lipin; EBA, erythrocyte membrane antigen; GaJN, galactosamine; GC- 
MS, gas chromatography-mass spectrometry; GlcN, glucosamine; GPI, 
glycosylphosphatidylinositol; HF, hydrofluoric acid; HPTLC, high per- 
formance thin-layer chromatography; HRP, horseradish peroxidase; 
MSP, merozoite surface protein; PG, phosphoglyceride; PI, phosphati- 
dylinositol. 



It has long been believed that malaria pathology is due to 
factors endogenously produced in response to parasite tox- 
ins. Several studies have shown that malaria pathology is at 
least in part due to parasite toxic factors that can induce 
TNF-ot and other cytokines, which could then lead to 
clinical effects including fever, hypoglycemia, dyserythro- 
poiesis, and vascular damage in the lungs and brain (22, 23). 
This agrees with the elevated levels of TNF-ot in patients 
with lethal cerebral malaria (24) and the ability of anti- 
TNF-ot antibodies to prevent lethal cerebral pathology in 
mice (25). 

P. falciparum GPIs have been identified as malaria patho- 
genicity factors based on their ability to induce inflamma- 
tory cytokines in macrophages and endothelial cells and 
cause symptoms reminiscent of acute malaria infection in 
experimental animals (26-29). Schofield et al. (26) have 
shown that parasite fractions enriched with GPIs can in- 
duce TNF-ot and IL-1 in macrophages; in mice, GPIs can 
cause transient pyrexia, hypoglycemia, lethal cachexia, and 
even death in D-galactosamine (GalN)-sensitized animals. 
Schofield et al. have also shown that P. falciparum GPIs ex- 
ert toxic effects through the expression of TNF-ot, IL-1, 
inducible nitric oxide synthase (iNOS), and endothelial cell 
adhesion molecules by activating nuclear factor kB tran- 
scription factors (27-29). As P. falciparum-inkcted erythro- 
cytes are sequestered in specific organs, the local high con- 
centrations of toxic responses to the parasite GPIs can affect 
vital physiologic functions and cause severe illness. Recent 
studies have shown that GPIs from a Trypanosoma cruzi mu- 
cin can also induce proinflammatory cytokines (30). The 
antagonists of GPI-mediated signaling and a monoclonal 
antibody against P. falciparum GPIs can block the induction 
of toxic responses (27-29), suggesting that GPI -based ther- 
apy is possible. 

Because P. falciparum GPIs are pathogenicity factors, we 
hypothesized that adults in malaria endemic areas should 
have GPI-specific protective immunity. We tested this hy- 
pothesis by analyzing the anti-GPI antibody response in 
sera from a longitudinal cohort study and in sera of a large 
group of adults from Western Kenya. The data demon- 
strate for the first time that people living in malaria en- 
demic areas elicit a parasite GPI-specific IgG response in an 
age-dependent manner; although adults and older children 
have high levels of antibodies, malaria-susceptible children 
either lack or have only very low levels of short-lived anti- 
bodies. The results also suggest the involvement of anti- 
GPI antibodies in protection against malaria pathogenesis. 

Materials and Methods 

Reagents. Human blood and serum were purchased from In- 
terstate Blood Bank. RPMI 1640, DME, and cell culture reagents 
were from Life Technologies. Gelatin, bee venom phospholipase 
A 2 (1,800 U/mg), standard phospholipids, and saponin were from 
Sigma-Aldrich. Silica Gel 60 high performance thin-layer chro- 
matography (HPTLC) plates were from either EM Science or 
Whatman. Pronase was purchased from Calbiochem. Aspergillus 
saitoi a-mannosidase (400 mU/mg) and jack bean ct-mannosidase 
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(30 U/mg) were from Oxford Glycosystems. Poly(isoburyl meth- 
acrylate) was procured from Polysciences, Inc. Horseradish per- 
oxidase (HRP)-conjugated goat anti-human IgG (H and L 
chains) and 2,2'~azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) 
(ABTS) reagent were from Kirkegaard & Perry Laboratories. 
Microtiter plates were from Dynex Technologies. [6- 3 H]glu~ 
cosamine (GlcN; 23 Ci/mmol), and [ 3 H]arachidonic (202 Ci/ 
mmol), [ 3 H]myristic (55 Ci/mmol), and [ 3 H] oleic acids (8 Ci/ 
mmol) were from Amersham Pharmacia Biotech. [ 3 H]Linoleic 
(60 Ci/mmol), [ 3 H]palrnitic (60 Ci/mmol), [ 3 H]palmitoleic (60 
Ci/mmol), and [ 3 H]stearic acids (60 Ci/mmol) were from Amer- 
ican Radiolabeled Chemicals. ,25 I-labeled goat anti-human IgG 
(8.66 u,Ci/|xg) and En 3 Hance were from NEN Life Science 
Products. Murine macrophages (J774A.1) were from American 
Type Culture Collection. HPLC grade solvents were used 
throughout the study. 

Cell Culture and Isolation of Parasites. Intraerythrocyric P. falci- 
parum (FCR-3 strain) was cultured in RPMI 1640 using human 
O-type erythrocytes and 10% O-positive human serum at 3-4% 
hematocrit (18, 19). Cultures were routinely synchronized with 
5% sorbitol (31) and tested for mycoplasma (32); only contamina- 
tion-free cultures were used. 

Cultures with 20-30% parasitemia were harvested at mid- 
schizont stage. Packed erythrocytes (20 ml) suspended in 1 80 ml 
of 0.65% gelatin in culture medium were incubated at 37°C for 
30 min (33). The enriched infected erythrocytes (70-80% para- 
sitemia) in the supernatant were recovered and lysed with 0.015% 
saponin in Trager's buffer (34). The suspension was passed 
through a 26-gauge needle to solubilize the erythrocyte debris 
and then centrifuged. The parasites were suspended in the above 
buffer, layered on 5% BSA, and centrifuged (35). The packed 
parasites (~4 ml) were washed with the buffer and stored at 
-80°C until used. 

Metabolic Labeling of the CPIs. Parasites were radiolabeled in 
medium containing 5 mM glucose and [ 3 H]GlcN (50 u,Ci/ml; 
reference 19). Labeling with 3 H-fatty acids (50 |xCi/ml) was per- 
formed in medium containing 2% serum and 20 mM glucose. 

Isolation of GPls. All procedures were carried out using acid- 
washed, siliconized glassware to prevent surface adsorption of 
GPIs, high quality solvents, and sterile water and buffers. Parasites 
(10 ml) were lyophilized and extracted three times with 50 ml of 
chloroform/methanol (2:1, vol/vol) to remove nonglycosylated 
lipids. The pellet was extracted five times with 50 ml of CMW 
(chloroform/methanol/ water, 10:10:3 [vol/vol/vol]), dried, and 
then partitioned between water and water-saturated 1-butanol. 
The organic layer was dried and the residue was extracted with 
80% aqueous 1-propanol. Finally, GPIs were purified by HPLC 
and HPTLC. 

To isolate GPIs that are linked to parasite proteins, the delipi- 
dated parasite pellet was digested with pronase (50 U/ml) in 50 
ml of 100 mM NH 4 HC0 3 , 1 mM CaCl 2 , pH 8.0, at 37°C for 
24 h. The released GPIs (designated as amino acid-linked GPIs) 
were extracted with water-saturated 1-butanol, washed with wa- 
ter, dried, and purified by HPLC. Control erythrocyte membrane 
debris, saponin-lysate, and ghosts were similarly extracted and 
fractionated. 

HPLC Purification of GPIs. The GPIs (~10 u,g plus 400,000 
cpm of [ 3 H]GlcN-labeled GPIs) were chromatographed on a C 4 
reversed phase Supelcosil LC-304 HPLC column (4.6 X 250 
mm, 5 u,m particle size; Supelco) using a linear gradient of 20- 
60% aqueous 1-propanol containing 0.1% TFA over a period of 
80 min and held for 30 min at a flow rate of 0.5 ml/min (36). 
Fractions (1 .0 ml) were collected, and elution of GPIs was moni- 



tored by measuring radioactivity. Aliquots (0.5 p.1) were also as- 
sayed by EL1SA with Kenyan adult sera. Glycolipids extracted 
from control erythrocyte membrane debris, total lysate, and 
ghosts were similarly chromatographed, and fractions were ana- 
lyzed for reactivity with Kenyan sera. 

Purification and Analysis of GPIs by HPTLC. The HPLC-puri- 
fied GPIs (5 n-g) were applied onto 10 X 10-cm plates as con- 
tinuous streaks. Parallel spots with [ 3 H]GlcN-labeIed GPIs 
(50,000 cpm) were used for monitoring GPI bands by fluorogra- 
phy using En 3 Hance (18, 19). The plates were developed with 
CMW (10:10:2.5, vol/vol/vol). GPIs from the plates were ex- 
tracted with CMW (10:10:3, vol/vol/vol), dried, dissolved in 
water-saturated 1 -butanol, and washed with water. 

In separate experiments, HPTLC plates were scraped (0.5-cm- 
width fractions), and GPIs were extracted and analyzed by ELISA 
using Kenyan adult sera. Glycolipids from control erythrocyte 
membrane debris, total lysate, and ghosts were similarly analyzed. 

Compositional Analysis. HPLC- and HPTLC-purified, free 
and amino acid-Hnked GPIs (4—5 |xg each), and hydrofluoric acid 
(HF) -released inositol-acylated carbohydrate moiety (2-3 p,g), 
and diacylglycerol moiety (1—2 u,g) were treated with 8 M anhy- 
drous methanolic KOH for 2 h at 120°C. After acidification with 
cold dilute HC1, the fatty acid methyl esters were extracted with 
chloroform. Phospholipase A 2 -released fatty acids were esterified 
with methyl iodide in DMSO/solid NaOH. Gas chromatogra- 
phy-mass spectrometry (GC-MS) was performed on a Thermo- 
Quest GCQ plus ion trap electron ionization quadrupole mass 
spectrometer (Finnigan) using DB-5 capillary column (30 m X 
0.25 mm interior diameter with 0.25-u.m film; Alltech). The 
temperature was held at 75°C for 1 min, raised to 150°C at 1°C/ 
min, and then to 325°C at 8°C/min. GC retention times and 
mass spectra were compared against standards. 

The free and amino acid-linked GPIs (~2 |xg each) were hy- 
drolyzed with 2.5 M TFA at 100°C for 5 h, and the hydrolysates 
were analyzed for man nose by HPLC (37). 

Mass Spectrometry. Matrix-assisted laser-desorption /ioniza- 
tion time of flight mass spectrometry analysis was performed using 
a Kratos analytical MALDI-4 mass spectrometer equipped with a 
nitrogen laser at 20-kV accelerating voltage (38). Spectra were ac- 
quired with a time-delayed extraction and were the average of 50 
laser shots. The matrix was saturated with a-cyano-4-hydroxy- 
cinnamic acid in 50% ethanol. The mass accuracy was within 2 
daltons. 

TNF-a Induction by GPIs. Murine macrophages (1.5 X 10 6 
cells/ well in 96-well plates) in DMEM and 10% fetal bovine se- 
rum were stimulated with 0.03-0.5 piM HPTLC-purified, free 
and amino acid-linked GPIs (see Fig. 1 B, lanes 2 and 4, respec- 
tively). TNF-ot in the culture supernatants was measured by a 
quantitative sandwich ELISA using the TNF-ot estimation kit 
(R&D Systems). Experiments were performed in triplicate with 
three separate batches of GPI preparations. 

IgG-specific ELISA. HPLC-purified, free GPIs dissolved in 
methanol were coated (0.25-32 ng/well) onto 96-well microtiter 
plates. After evaporation of methanol at 37°C, the wells were 
blocked with 0.5% casein in 50 mM Tris-buffered saline, pH 7.4 
(TBS-casein), and incubated with serially diluted sera (1:100 to 
1:64,000) in TBS-casein containing 0.05% Tween 20. Initially, 
randomly selected 20 Kenyan and 2 USA adult sera were assayed. 
The bound antibodies were measured by HRP-conjugated goat 
anti-human IgG and ABTS substrate. All other sera were ana- 
lyzed at 1 :200 or 1 :400 dilution by coating GPIs at 0.5-2 ng/well. 

Competitive Inhibition ELISA . Sera were diluted 1:200 in 
TBS-casein containing 0.05% Tween 20 and incubated at room 
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temperature for 30 min with various concentrations of phosphari- 
dylinositols (Pis), phosphoglyceride (PG), cardiolipin (CL), or 
GPI, and then ELISA was performed as described above. 

TLC Immunoblotting. The HPLC-purified, free and amino 
acid-linked GPIs (100 ng each) were chromatographed on 
HPTLC plates. The plates were soaked in 0.1% poly(isobutyl 
methacrylate) in hexane, dried, and incubated for 2 h at room 
temperature with TBS containing 1% BSA and then for 2 h in 
1:100 diluted sera (39). The plates were washed with cold phos- 
phate-buffered saline, incubated with ,25 l-labeled goat anti- 
human IgG (5 u.Ci/ml) for 1 h, washed, dried, and exposed to 
x-ray film. 

Nitrous Acid Treatment. The HPLC-purified, free GPIs (20 
|Xg) suspended in 150 0.2 M NaOAc, pH 3.8, were treated 
with 150 1 M NaN0 2 at room temperature for 24 h (40). The 
released PI moieties were extracted with water-saturated 1-buta- 
nol. The glycan moieties were recovered by chromatography on 
a Bio-Gel P-4 column (1 X 90 cm) in 100 mM pyridine, 100 
mM HOAc, pH 5.2. These were used to assess seroreactivity. 

Treatment with HF. The HPLC-purified, free GPIs (2 u,g plus 
500,000 cpm of [ 3 H]GlcN-labeled GPIs) were treated with 50% 
aqueous HF (50 in an ice bath for 48 h (40). The reaction 
mixture was neutralized with Li OH and extracted with water- 
saturated 1-butanol. The organic layer was washed with water, 
dried, and the carbohydrate moiety was purified by HPLC. 

Treatment with Mannosidase. The [ 3 H]GlcN-labeled GPI gly- 
can cores (10,000 cpm) were digested with jack bean ot-mannosi- 
dase and the products were deionized with AG 50W-X16 (H + ) 
and lyophilized (19). The glycan cores (5,000 cpm) were digested 
with A. saitoi a -mannosidase (0.5 mU/ml), deionized, and ly- 
ophilized (19). 

Treatment with Phospholipase A 2 . HPLC-purified GPIs (2 fig) 
in 100 100 mM Tris-HCl, 10 mM CaCl 2 , pH 7.5, were 
treated with bee venom phospholipase A 2 (2,400 U/ml) at 37°C 
for 18 h. The digest was extracted with water-saturated 1-butanol 
and purified by HPLC; the retention time of /yso-GPIs is 
75.5 min. 

Analysis of Cohort Sera for Anti-GPI Antibodies. Sera were ob- 
tained from subjects of a longitudinal malaria project performed 
in a holoendemic, rural region of Western Kenya within the con- 
text of the Asembo Bay Cohort Project (ABCP [8]). Studies done 
in the subjects* households show that from March to May the en- 
tomological inoculation rate (EIR) was ~30 infected bites per 
person per month, whereas during the drier months the E1R was 
~4. Pregnant mothers were identified and, after written consent, 
they, their delivered infants, and older children living in the same 
household were enrolled. The mothers and children were fol- 
lowed every 2 wk for ~4 yr, and clinical parameters, axillary 
temperature, and illness were recorded. Blood samples were 
taken monthly and parasite and hemoglobin density were mea- 
sured. More than 90% of detected parasitemias contained P. falci- 
pantm species. 

Sera of 100 7-8-yr-old children and 50 nonpregnant adults, 
collected during February through August 1993, were analyzed at 
two dme points, spaced 1-3 mo apart. For data analysis, we se- 
lected two time points for the young children, in the same man- 
ner as the older individuals, when they were ~0.5, 1.5, 2.5, and 
3.5 yr old. The study was approved by the Centers for Disease 
Control and Prevention and Kenyan Institutional Review 
Boards. 

Analysis of the Relationship between Serum Anti-GPI Antibodies 
and Resistance to Malaria Pathogenesis. Analysis for correlation of 
anti-GPI antibody response with either hemoglobin or tempera- 



ture as the dependent variable was done with the general linear 
model, Generalized Estimating Equations (41). The variables 
considered in the analyses were (a) anti-GPI antibody responder 
category (positive, intermittent, or negative), (b) parasite density, 
l°gio(" + ( c ) 3 g e > anc * (d) antimalaria drug treatment. We 

controlled for the repeated measures on each patient. The esti- 
mated effect of positive and negative antibody responder category 
are given relative to that of the intermittent antibody responder 
category. 

Results 

Isolation and Purification of GPIs from Intraerythrocytic P. fal- 
ciparum. As contamination with glycolipids from host 
erythrocytes and mycoplasma is a major concern in isolat- 
ing GPIs from intraerythrocytic P. falciparum, we used rig- 
orous protocols. First, parasite cultures were routinely 
tested for mycoplasma, and parasite-infected erythrocytes 
were enriched from cultures with 25-30 to 70-80% para- 
sitemia to minimize erythrocyte components. Second, the 
parasites were released from infected erythrocytes by mild 
saponin lysis, washed, and purified by density centrifuga- 
tion to remove erythrocyte membrane debris; metaboli- 
cally [ 3 H]GlcN-labeled cultures revealed that this proce- 
dure did not release parasite GPIs. These procedures 
eliminated all of the erythrocyte components. Third, the 
purified parasites were differentially extracted to remove 
most nonglycosylated lipids, and the extract containing the 
free GPIs (not finked to proteins) was subjected to solvent 
fractionation to eliminate soluble hemozoin and other col- 
ored components. Finally, the GPIs were purified by suc- 
cessive fractionation using HPLC and HPTLC. The GPIs 
that are linked to parasite proteins were isolated after ex- 
haustive digestion of the delipidated parasites with pronase, 
and are referred to as amino acid— finked GPIs. The yields 
of the HPLC-purified free and amino acid-finked GPIs 
were 100-120 and 25-30 (xg per 10 ml of packed purified 
parasites, respectively, based on the mannose content. 

The parasite GPIs were purified by HPLC using a C 4 re- 
versed phase column, which separated matured GPIs from 
GPI intermediates (Fig. 1 A). The elution of GPIs was 
monitored by radioactivity, which overlapped with the re- 
activity of the GPIs to human sera containing anti-GPI an- 
tibodies (Fig. 1 A). The compounds isolated from the 
extracts of erythrocyte debris, lysates, and ghosts were 
fractionated in parallel with the purification of parasite 
GPIs by HPLC (Fig. 1 A) and HPTLC and analyzed as 
controls. These did not react with Kenyan adult sera (Fig. 1 
A), suggesting that the activity is specific to parasite GPIs. 

The GPIs were further purified by HPTLC; they mi- 
grated as broad major bands and in some instances separated 
into two major bands (Fig. 1 B). The heterogeneity of 
GPIs is due to the variation in the fatty acid composition of 
individual GPIs (see below). The HPTLC-purified GPIs 
(Fig. 1 B, lanes 2 and 4) contained mannose and GlcN in 
molar ratios of ~4:1 and were susceptible to nitrous acid, 
HF, and alkali (not shown). Fatty acid compositional analy- 
sis of HPLC-purified GPIs showed the presence of myristic 
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Figure 1. HPLC and HPTLC purifica- 

1 5 ■ .Q 5 tion of P. falciparum GPIs. (A) The parasite 

~ ' L J GPIs (10 u.g plus 400,000 cpm of 

[ 3 H]GlcN-labeled GPIs) were chromato- 
graphed on a 4.6 X 250-mni C 4 reversed 
phase HPLC column with a linear gradient 
of 20-60% aqueous 1-propanol (reference 
37). (Top) Analysis of parasite GPIs: frac- 
tions (1.0 ml) were collected and 3 H activity 
in 5-|xl aliquots was measured (•); 0.5-|ul1 
aliquots assayed by ELISA for immunoreac- 
tivity with Kenyan adult sera (O). (Bottom) 
Analysis of glycolipids from control erythro- 
cyte membrane debris obtained from 4 ml 
packed erythrocytes (•), and those of delip- 
^20 f idated, pronase- digested erythrocyte ghosts 

from 2 ml packed erythrocytes (O). 1-fxl al- 
iquots were assayed for immunoreactiviry 

with Kenyan sera. Extracts of total erythrocyte lysate were similarly analyzed (not shown). (B) Fluorograms of the [ 3 H]GlcN-labeIed GPIs chromato- 
graphed on Silica Gel 60 HPTLC plates using CMW (10:10:2.5, vol/vol/vol). Lane 1, total free GPIs before HPLC; lane 2, HPLC-purified matured free 
GPIs; lane 3, total free GPIs (different preparation from that in lane 1; obtained by culturing parasites in regular medium after replacing medium with ra- 
diolabeled precursor to maximally convert intermediates into matured GPIs); and lane 4, HPLC-purified, amino acid-linked GPIs. Each lane contains 
200 ng of GPIs plus 20,000 cpm of | 3 H]GlcN-Iabeled GPIs. Note that a small amount of free GPIs that remained with parasite pellet even after exhaus- 
tive extraction with organic solvents was copurified with amino acid-linked GPIs (lane 4). 
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(~4%), palmitic (~33%), stearic (~26%), oleic (~28%), 
cis-vaccenic (~2%), lin oleic (~3%), arachidic (~2%), and 
behenic (~1%) acids, and 1-2% of unidentified acids. The 
presence of cis-vaccenic acid in the GPIs agrees with the 
ability of P. falciparum to synthesize two isomeric CI 8:1 ac- 
ids (oleic and cis-vaccenic acids [42]). 

Structural Analysis of P. falciparum GPIs. The structures 
of the purified P. falciparum GPIs were determined by spe- 
cific chemical and enzymatic degradation studies using 
[ 3 H]GlcN- and 3 H-fatty acid-labeled GPIs and by mass 
spectrometry. 

The [ 3 H]GlcN-labeled GPIs were characterized by sub- 
jecting them to various degradative procedures. Treatment 
with jack bean a-mannosidase quantitatively converted the 
[ 3 H)GlcN-labeled GPIs into species with three mannose 
residues, similar to the results recendy reported (18), sug- 
gesting that the distal fourth mannose residue does not con- 
tain any substituent. The pH]GlcN-labeled GPIs were de- 
phosphorylated with HF and then deaminated and reduced 
with NaBH 4 . The neutral glycan core, thus obtained, on 
HPTLC migrated as a single band with a mobility relative 
to the solvent front (Rf) value identical to previously char- 
acterized Man 4 -2,5-anhydromannitol (AHM) (19). Treat- 
ment of the glycan core with A. saitoi a-mannosidase 
shifted the Rf value to that of authentic Man 2 -AHM, and 
the product of jack bean a-mannosidase digestion comi- 
grated with authentic AHM (not shown; 19). These results 
are consistent with the previously established structure of 
Manotl-2Manal-2Manal-6Manotl-4GlcN for the glycan 
core of P. falciparum GPIs (19, 20). 

The mass spectrum of the purified, free GPIs (upper half 
portion of the HPTLC band in Fig. 1 B, lane 2) contained 
prominent molecular ions (M-H)~ at m/z 2,006.3 and 
2,034.3 and minor ions at m/z 1,978.3, 2,062.3, and 
2,090.3 (Fig. 2 A). The observed difference of 28 mass 
units (in some fractions 26 units) between the consecutive 
molecular ions suggests that the GPIs contain mixtures of 



homologous fatty acids differing by two carbons. The pro- 
portions of the GPI species varied considerably depending 
on the regions of HPTLC band analyzed (compare Fig. 2, 
A and B), suggesting heterogeneity with respect to acyl 
substitu tents. Mass spectrometry of the control materials 
did not show molecular ions comparable to the parasite 
GPIs (not shown). These results show that the purified 
compounds are GPIs of the parasite, not of erythrocytes. 

Treatment of free GPIs with phospholipase A 2 resulted 
in the marked loss of (M-H)" ions of intact GPIs and the 
appearance of a new set of ions, each 264.5 mass units 
lower (Fig. 2 B), indicating that the GPIs contain a CI 8:1 
acyl substituent at the sn-2 position. The spectra of some 
GPI fractions treated with phospholipase A 2 also contained 
significant levels of ions 262.5 mass units lower than the 
parent ions, suggesting the presence of GPIs with a CI 8:2 
acid at sn-2. GC-MS analysis of phospholipase A 2 -released 
fatty acids demonstrated the presence of predominandy 
oleic acid with minor amounts of cis-vaccenic and linoleic 
acids. These data together with the total fatty acid compo- 
sition indicate that the parasite GPIs contain mainly oleic 
(~85%), cis-vaccenic (~6%), and linoleic (~9%) acids at 
sn-2. 

As reported previously (21), the GPIs were sensitive to 
GPI -specific phospholipase D, but completely resistant to 
Pl-phospholipase C (data not shown), suggesting the pres- 
ence of an acyl substituent on C-2 of inositol. To identify 
this substituent, the GPIs were treated with HF and the re- 
leased inositol-acylated carbohydrate moiety was purified 
by HPLC as a single symmetrical peak with a retention 
time of 47 min. Fatty acid compositional analysis indicated 
that the HF-released inositol-acylated carbohydrate moiety 
contained palmitic acid (~90%) and myritsic acid (~10%). 
Positive ion-mode mass spectrum showed (M+Na + ) ions 
at m/z 1,224.4 and 1,252.7 (Fig. 2 C), which were assigned 
to Man 4 -GIcN-inositol with myristoyl and palmitoyl sub- 
stitution, respectively, on inositol. The signals at m/z 
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Figure 2. Mass spectrometry analysis of P. falciparum GPIs. HPLC- and HPTLC-purified 
GPIs were analyzed by matrix-assisted laser desorption/ionization time of flight mass spec- 
trometry in negative or positive ion mode. (A) Negative ion mass spectrum of the purified free 
GPIs (Fig. 1 B, lane 2). (B) Negative ion mass spectrum of phospholipase A 2 -treated free GPIs 
showing (M-H)~ ions of unconverted GPIs and GPIs lacking substituent at sn-2 position. (C) 
Positive ion mass spectrum of inositol-acylated glycan moiety released by HF treatment of 
GPIs. (D) Negative ion mass spectrum of inositol-acylated glycan moiety released by HF treatment of GPIs. (E) Negative ion mode mass spectrum of the 
amino acid-linked GPI fraction I (Fig. 1 B, lane 4). The mass spectrum of fraction 11 (Fig. 1 B, lane 4) contained (M-H)~ ions at m/z 2147.3 at signifi- 
cantly higher proportions compared with fraction I, in addition to an ion at m/z 2175.3 (not shown). (F) Negative ion mass spectrum of phospholipase 
A 2 -treated amino acid-linked GPIs showing (M-H)~ ions of unconverted GPIs and GPIs lacking substituent at sn-2 position. (A-F) The major GPI(s) 
that represent(s) the molecular ions are indicated. E, ethanolamine; P, phosphate; Jv^, Man 4 ; Gn, GlcN; I, inositol; AG, acylglycerol; DAG, diacylglycerol; 
S, serine. (G) The cleavage sites for the attachment of GPIs in P. falciparum MSPs. 



1,228.7 and 1,266.8 represent (M+H+) and (M+K + ) ions 
of the carbohydrate with palmitoyl substitution. Of several 
mass spectra recorded, some (not shown) gave a reasonable 
signal at m/z 1,200.4, which was assigned to the (M+H + ) 
ion of the carbohydrate with myristoyl substitution. A sig- 
nificant portion of the HF-released glycan moieties re- 
tained a phosphate ester group as indicated by the negative 



ion mode spectrum, which showed molecular ions at m/z 
1,280.0 and 1,308.1 (Fig. 2 D). The phosphate ester group 
that survived HF treatment is likely the one linked to inos- 
itol because the adjacent protonated GlcN residue will ren- 
der the hydrolysis of the phosphate ester bond to be kineti- 
cally slower. These results established that the inositol 
residue is substituted with palmitate (~90%) and myristate 
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(^10%). The diacylglycerol moiety released on treatment 
of GPI with HF contained predominantly CI 8:0 and CI 8:1 
(two isomers), minor proportions of CI 4:0, CI 6:0, CI 8:2, 
C20:0, and C22:0, and unidentified acids. As CI 8:1 and 
CI 8:2 are present at sn-2 (see above), the remainders of the 
above acids should be located at sn-\ . 

The mass spectra of the HPTLC-purified, amino acid- 
linked GPIs (fraction I in Fig. 1 B, lane 4) containing one 
amino acid after pronase digestion showed prominent mo- 
lecular ions that are 87 mass units higher than those of free 
GPIs (compare Fig. 2, E and F, with A), indicating that 
these GPIs contain a Ser residue. GPIs with attached Asn 
were also evident from (M— H)" ions at m/z 2120.3, 
2148.3, and 2176.3 in the mass spectrum (not shown) of 
fraction II (Fig. 1 B, lane 4). This agrees with the predicted 
amino acids in GPl-anchored surface proteins (13—15), 
MSP-1, MSP-2, and MSP-4 (Fig. 2 G). Phospholipase A 2 
treatment caused reduction by 264.5 mass units in the m/z 
of each of the molecular ions (Fig. 2 F), confirming the 
presence of predominandy CI 8:1 acyl residues at sn-2. 

The acyl substituents in the GPIs were also studied 
by metabolic labeling with pH]myristic, [ 3 H]palmitic, 
[ 3 H]palmitoleic, [ 3 H]stearic, [ 3 H]oleic, [ 3 H]linoleic, and 
[ 3 H]arachidonic acids. All except arachidonate were incor- 
porated into the parasite GPIs (Fig. 3 and data not shown). 
Treatment of the GPIs labeled with pHJmyristic and 
[ 3 H]palmitic acids with phospholipase A 2 showed the pres- 
ence of incorporated label only in the /yso-GPIs; the re- 
leased fatty acids were not radioactive (Fig. 3). Upon treat- 
ment with HF, the radioactivity was found to be present 
on both the diacylglycerol and inositol carbohydrate moi- 
eties (not shown). In the case of PH]stearic acid, the radio- 
activity was incorporated only to the diacylglycerol moiety 
(not shown). These results agree with the presence of satu- 
rated fatty acids at sn-\ and at C-2 of inositol, but not at sn-2, 
established by mass spectrometry. The data also suggest 
that the parasite does not incorporate saturated fatty acids as 
unsaturated acids to the GPIs they synthesize or vice versa. 



Treatment of [ 3 H]palmitoleic, [ 3 H]oleic, and [ 3 H]linoleic 
acid-labeled GPIs with phospholipase A 2 released >90% of 
the incorporated activity as free acid; the /yso-GPIs con- 
tained negligible radioactivity (Fig. 3). Treatment with HF 
showed that most of the incorporated radioactivity was on 
the diacylglycerol moiety, and the inositol carbohydrate 
moiety was not radioactive (not shown). These results 
agree with the presence of unsaturated fatty acyl residues at 
sn-2 as indicated by mass spectrometry of phospholipase 
A 2 -treated GPIs. The incorporation of pH]palmitoleic acid 
to sn-2 is most likely after its conversion to cis-vaccenic 
acid; this agrees with the presence of cis-vaccenic acid at 
sn-2 of the GPIs (see above) and the ability of the parasite 
to synthesize this acid (42). 

Based on the above data, the structure shown in Fig. 4 is 
proposed for P. falciparum GPIs. 

TNF-a~inducing Activity of P. falciparum GPIs. Previ- 
ous studies have shown that P. falciparum GPIs can induce 
the expression of proinflammatory cytokines in macro- 
phages (27-29). To determine if highly purified GPIs can in- 
duce biologic activity, cultured murine macrophages were 
incubated with 0.03-0.5 jjlM purified GPIs, and the 
amount of TNF-ot in the culture medium was measured. 
Consistent with a previous finding (26), the purified para- 
site GPIs induced TNF-ot (30-450 pg/ml) in a dose-depen- 
dent manner (not shown). 

Analysis for the Natural Anti-GPl Antibody in Humans. 
To examine whether people living in malaria endemic ar- 
eas express naturally elicited anti-GPI antibodies, we ana- 
lyzed sera from 300 adults in Western Kenya and 50 USA 
adults not exposed to malaria. In ELISAs performed with a 
coating of 2 ng/well of HPLC-purified, free GPIs, all Ken- 
yan adult sera exhibited moderate to high levels of GPI- 
specific antibodies, predominandy IgGs, whereas all USA 
adults completely lacked anti-GPI antibodies (Fig. 5). The 
anti-GPI antibody activity of Kenyan sera was dose depen- 
dent and saturable (Fig. 5). There was no significant differ- 
ence in levels of GPI-specific antibody reactivity between 
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Figure 3. P. falciparum GPIs contain predominantly C18:1 fatty acid at 
sh-2. The parasites were metabolically labeled with various 3 H-fatty acids. 
Free GPIs were isolated, treated with bee venom phospholipase A 2 
(PLA2), and analyzed by HPTLC. — , untreated GPIs; +, phospholipase 
A 2 -treated GPIs. 
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Figure 4. The proposed structures of P. falciparum GPIs. The fatty acids 
and their molar proportions are indicated. 
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Figure 5. ELISA for naturally elicited anti-GPI antibodies in human 
sera. The HPLC-purified, free GPIs were coated onto 96- well microliter 
plates either at the indicated amounts per well (A) or at 2 ng per well (B). 
The wells were blocked with TBS-casein, and then incubated with hu- 
man sera, 1:100 or serially diluted with TBS-casein, 0.05% Tween 20. 
After washing the plates, the bound antibodies were detected with HRP- 
conjugated goat anti-human IgG (H and L chains) using ABTS substrate. 
•, Kenyan adult sera 1; A, Kenyan adult sera 2; Kenyan adult sera 3; 
O, USA adult control serum. 



HPLC-purified free and amino acid-linked GPIs, indicat- 
ing that the immunoreactivity is not due to contamination 
by parasite proteins. More than 85% of Kenyan adult sera 
also contained lower but significant levels of GPI-specific 
IgM antibodies (Naik, R.S., unpublished results). The 
erythrocyte membrane debris, saponin lysate, and ghosts 
were nonreactive to the infected Kenyan sera (data not 
shown). 

When ELISA was performed using several commercially 
available phospholipids, Pis from bovine liver and soybean 
that lack acyl substituent on inositol, PGs, and CL, Ken- 
yan adult sera showed a low level of activity: ~5-15% of 
that observed with P. falciparum GPIs. At all coating 
concentrations tested (2-50 ng/well), these compounds 
showed similar low levels of antibody reactivity. Prior in- 
cubation of Kenyan sera with 2.5-20 ng/ml of Pis, PGs, 
or CL, and then ELISA using plates coated with HPLC- 
purified free GPIs showed in all cases ~5-15% lower anti- 
body binding activity, irrespective of the concentrations of 
lipid used (Fig. 6). However, prior incubation with the 
parasite GPIs inhibited binding by up to 75% in a dose- 
dependent manner (Fig. 6). Together, these results suggest 
that Kenyan adult sera have low levels of reactivity to 
common acylated phosphoglycerols. This is not surprising 
because of the polyclonal nature of GPI-specific antibod- 



0.5 

| 0.4 
8 

S0.3 

a> 
o 

§ 0.2 

€ 
o 

.8 o.i 
< 

0.0 



Control PI 



PG CL 



GPI 



Inhibitor 



Figure 6. Inhibition of anti-GPI antibody binding to GPIs by phos- 
pholipids. The HPLC-purified, free GPIs were coated on to microliter 
plates (2 ng), blocked with TBS-casein, and overlaid with representative 
Kenyan sera (1:200 diluted) incubated with the indicated phospholipids 
and purified GPIs. The bound antibodies were measured by HRP-conju- 
gated goat anti-human IgG (H and L chains) using ABTS substrate. 
Shown are the data from a representative of 10 different sera analyzed. 
Black bar, without inhibitor (Control); hatched bars, 2.5 ng; white bars, 5 
ng; gray bars, 10 ng; stippled bars, 20 ng. 



ies, which are expected to contain antibodies to the phos- 
phoglycerol portion of GPIs that are common to this class 
of molecules. 

TLC immunoblotting of the HPTLC-purified GPIs 
confirmed the specificity of the seroreactivity: adult Ken- 
yan sera reacted with the GPIs, whereas control sera from 
USA adults were nonreactive (Fig. 7). Furthermore, the 
Kenyan adult sera were nonreactive to bovine liver and 
soybean Pis that lack an acyl substituent on inositol, PGs, 
and CL (Fig. 7, and data not shown); the apparent lack of 
reactivity to these lipids on TLC plates could be due to a 
low level of sensitivity. Furthermore, treatment of the GPIs 
with HN0 2 shifted the immunoreactivity to the position 
of the PI moiety, suggesting that this portion of the mole- 
cule is antigenic (Fig. 7). 

The identity of the antigenic part of GPIs was further 
confirmed by inhibition of seroreactivity to intact GPIs us- 
ing carbohydrate and lipid moieties of GPIs isolated after 
HN0 2 fragmentation. The carbohydrate moiety inhibited 
antibody binding by only ~5% at a 10-fold higher concen- 
tration compared with that of the coated, intact GPI. The 
lipid moiety, at the same coating concentration as that of 
intact GPIs, showed >70% antibody-binding activity, indi- 
cating that the PI moiety is the antigenic structure. These 
results suggest that acylated inositol is the major moiety that 
recognizes the naturally elicited anti-GPI IgGs. 

Anti-GPI Antibody Response and Acquired Resistance to Ma- 
laria Pathogenesis. To determine whether the susceptibility 
of young children in malaria endemic areas is related to the 
absence of GPI-specific antibodies, sera taken every month 
after birth for 4 yr from a cohort of 48 children were ana- 
lyzed (8). The results were compared with those of sera 
from 100 siblings (7-8 yr) and 50 nonpregnant mothers 
(20-25 yr) (Fig. 8 A). Malaria parasitemia and clinical pa- 
rameters (hemoglobin and fever) were followed every 2 wk 
in this community-based cohort. Whereas a case-control 
study design compares extremes, this nonbiased design de- 
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Figure 7. HPTLC immunochromatogram of P. falciparum GPIs. The 
HPTLC-purified, free GPIs (100 ng each) were chroma tographed on 
HPTLC plates, blocked with 1% BSA, and incubated for 2 h in 1:100- 
diluted sera. The bound antibodies were detected with ,25 I-labeled goat 
anti-human IgG (5 u.Ci/ml). Lanes 1 and 2, free and amino acid-linked 
GPIs, respectively, treated with Kenyan adult sera; lanes 3 and 4, HN0 2 - 
released lipid from free and amino acid-linked GPIs, respectively, treated 
with Kenyan adult sera; lanes 5 and 6, free and amino acid-linked GPIs, 
respectively, treated with control USA adult sera; lanes 7 and 8, Pis from 
bovine liver and soybean, respectively; lane 9, PG; lane 10, CL, treated 
with Kenyan adult sera. Shown are representatives of 10 Kenyan and 
USA adult sera analyzed. Parasite lipids other than GPIs and their inter- 
mediates, extracted with chloroform/ methanol (2:1, vol/vol), and gly- 
colipids from control erythrocytes were completely nonreactive to Ken- 
yan sera (not shown). 



termined if an association between anti-GPI antibodies and 
malaria pathogenesis was detectable at a population level. 
We carefully controlled for P. falciparum transmission, anti- 
malaria drug treatment, and age. By sampling the same child 
over 4 yr, we found that, within an individual, anti-GPI an- 
tibody responses correlate with protection against malaria- 
attributable hemoglobin loss and febrile illness (see below). 

We performed ELISA on sera from each child on all 
monthly samples and for siblings and adults at two time 
points spaced 1-3 mo apart to determine the anti-GPI anti- 
body level and the persistence of the antibody response. 
For comparison and correlation analysis, results of four time 
points (0.5, 1.5, 2.5, and 3.5 yr old), based on the sampling 
scheme employed for the 7-8-yr-olds and the mothers, 
were used for children (Fig. 8 A). The data show that 
^50% of the children under 2 yr lacked anti-GPI antibod- 
ies (negative responders, defined in the legend to Fig. 8), 
~40% had short-lived antibody responses (lasted in the cir- 
culation for only 1-3 mo, intermittent responders), and 
only ~10% had persistent (long-lived) antibody responses 
(positive responders) (Fig. 8 A). In contrast, ~75% of the 
7-8-yr-old children and all adults exhibited a persistent 
anti-GPI antibody response. The level of anti-GPI IgG in- 
creased with increasing age from infancy to adulthood, 
whereas mean hemoglobin density increased and fever 
(temperature) decreased with age up to 7-8 yr of life (Fig. 8 
B). Thus, the presence of long-lived, high levels of anti- 
GPI antibodies in sera parallels the naturally acquired resis- 
tance against malaria pathogenesis. 

We found that anti-GPI antibody response, age, and par- 
asite density were independendy associated with hemoglo- 
bin (P < 0.0147). Age influenced the anti-GPI antibody 
responder category; however, it was not significant (P < 
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Figure 8. Age-dependent anti-GPI antibody response in people living 
in malaria endemic area. Sera from a cohort of children and adults were 
analyzed by ELISA using H PLC -purified, free GPIs (see Fig. 5). An anti- 
body level (OD) greater than the mean of USA adult control sera plus 2 
SD was considered positive. (A) Percentage of individuals in the follow- 
ing anti-GPI antibody responder categories: negative at both 1-3-mo- 
spaced time points sampled, negative (white bars); positive at one time 
point, intermittent (hatched bars); and positive at both time points, posi- 
tive (black bars), n > 40 in each age group between M3.5 and 3.5 yr, and 
n = 1 00 and 50 in the 7-8-yr and 20-25-yr age groups, respectively. A x 2 
test found that the antibody responder category was different among age 
groups (P < 0.001). (B) Mean hemoglobin (g/dl, white bars), tem- 
perature (-29.5°C, hatched bars), and anti-GPI antibody level 
|Iog 10 (OD+l)] (•) for the indicated age groups. Analysis of variance 
found that the anti-GPI antibody level, hemoglobin, and temperature 
were different among age groups (P < 0.0001). 

0.0581), suggesting that the association between the anti- 
body responder category (as defined in the legend to Fig. 8) 
and hemoglobin was not just a reflection of age. For exam- 
ple, using a general linear model, it was estimated that 
6 -mo-old children in the positive antibody responder cate- 
gory had 2.37 g/dl of hemoglobin more than 6-mo-olds in 
the intermittent responder category. Antibody responder 
category and parasite density were independendy associated 
with temperature (P < 0.0012). 6-mo-olds in the negative 
antibody responder category had an estimated temperature 
0.7 1°C higher than the individuals in the intermittent anti- 
body responder category. Fig. 9 shows the associations be- 
tween anti-GPI antibody responder category and malaria- 
attributable pathology in children 0.5-3.5 yr old. In each 
parasitemia category, febrile illness increased and hemoglo- 
bin level decreased in children without antibodies or with 
only short-lived antibodies; however, in children with per- 
sistent antibodies, febrile illness was lower and hemoglobin 
level was higher. These results strongly support the hy- 
pothesis that circulating anti-GPI antibodies neutralize the 
toxic effects of parasite GPIs. 
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Figure 9. Serum anti-GPI antibody response and resistance to malaria 
in children 0.5-3.5 yr of age. A general linear model (GLM) was used to 
investigate the correlation between anti-GPI antibody responder category 
and temperature or hemoglobin level, while controlling for age and para- 
site density. (A) Mean temperature (°C) for 0.5-3. 5-yr-old negative 
(white bars), intermittent (hatched bars), and positive (black bars) anti- 
GPI antibody responder categories. (B) Mean hemoglobin (g/dl) for 0.5- 
3.5-yr-old negative (white bars), intermittent (hatched bars), and positive 
(black bars) anti-GPI antibody responder categories (see legend to Fig. 8). 
The anti-GPI antibody responder category and parasite density were in- 
dependently associated with hemoglobin (P < 0.0147 and P — 0.0000, 
respectively). The associations were independent of the nonsignificant as- 
sociation between age and hemoglobin (P — 0.0581). Antibody re- 
sponder category and parasite density were independently associated with 
temperature (P = 0.0012 and 0.0001, respectively). Age was not found 
significantly correlated with temperature (P > 0.0581). 



Discussion 

This paper reports two major findings, (a) The results 
presented here establish for the first time that individuals 
residing in malaria-endemic areas develop a P. falcipamm- 
specific anti-GPI antibody response, whereas people not 
exposed to the malaria parasite do not have these antibod- 
ies; in addition, anti-GPI antibody responses are correlated 
with protection against malaria-related febrile illness and 
hemoglobin loss. This agrees with the previous reports de- 
scribing P. falciparum GPIs as pathogenicity factors based on 
their ability to induce a spectrum of proinflammatory cy- 
tokine responses and cause malaria symptoms, (b) Another 
important finding is elucidation of complete structures of 
the parasite GPIs by direct biochemical analysis and mass 
spectrometry. Thus, our results identified two novel struc- 
tural features of P. falciparum GPIs: the presence of palmi- 
tate and myristate on C-2 of inositol, and the presence of 
predominandy oleic and minor amounts of cis-vaccenic 
acid and CI 8:2 at sn-2. 



The purification of P. falciparum GPIs to homogeneity 
was crucial for structural determination as well as to obtain 
unambiguous evidence for biologic activity and establish 
the presence and specificity of naturally elicited antibodies 
in the sera of people living in malaria endemic areas. The 
key steps employed for isolation and purification of GPIs 
were: (a) growing of mycoplasma-free cultures to high lev- 
els of parasitemia and enrichment of infected erythrocytes; 

(b) metabolic labeling of GPIs and the use of human sera 
containing anti-GPI antibodies to follow purification steps; 

(c) use of sterile water and buffers and high quality organic 
solvents to exclude external contamination; and (d) sili- 
conizing glassware to avoid loss due to surface adsorption. 
The mass spectrometry results presented here show that the 
purified GPIs are homogeneous. 

We determined the structures of P. falciparum GPIs by 
subjecting the [ 3 H]GlcN- and 3 H-fatty acid-labeled GPIs 
to various standard degradative procedures, including their 
susceptibility to nitrous acid, HF, alkali, jack bean ot-man- 
nosidase, and GPI-specific phospholipase D, by determin- 
ing fatty acid composition and finally by direct mass spec- 
trometry. The results enabled us to propose the structures 
shown in Fig. 4 for the parasite GPIs. The structure of the 
core glycan is the same as determined previously (19, 20). 
However, the acyl substituents are different from those re- 
ported previously, based on radiolabeling, with palmitate at 
both sn-1 and sn-2 and predominandy myristate on inositol 
(21). As shown in Fig. 4, palmitate is the major acyl substit- 
uent with minor proportions of myristate on inositol of the 
parasite GPIs; GPIs with acylated inositol residues from 
other sources reported to date contain only palmitate on 
the inositol residue (12). The parasite GPIs contain unsat- 
urated acyl substituents at sn-2 (major CI 8:1 and minor 
CI 8:2) and predominandy C18:0 and a range of variable 
size saturated acyl residues at sn-1. With respect to the na- 
ture of the acyl residue at sn-2 y the parasite GPIs resemble 
the GPI of T. cruzi trypomastigote mucin that has a potent 
cytokine-inducing property (30). Another unusual feature 
of the parasite GPIs is the presence of cis-vaccenic acid at 
sn-2. 

The parasite GPIs differ significandy from those of hu- 
mans with respect to both the acyl substituents and the car- 
bohydrate moiety (12). The GPI moieties of human eryth- 
rocyte proteins (the erythrocytes do not contain detectable 
levels of free GPIs), CD59, and acetylcholine esterase con- 
tain exclusively a CI 8 alkyl substituent at sn-1, C22:4 at 
sn-2, and palmitate on inositol; the carbohydrate moieties 
contain one or two extra phosphoethanolamine as well as 
PGalNAc residues (12). The GPI of human spleen CD52 
contains a diacylgjycerol moiety and lacks GalNAc; how- 
ever, this differs from the parasite GPIs with respect to the 
type of fatty acid at sn-2 (C22:4, C22:5, and C22:6) and 
contains phosphoethanolamine on the first mannose resi- 
due (12). These structural differences may contribute to the 
observed naturally elicited immunologic responses against 
the parasite GPIs in humans. 

Although Schofield et al. have shown that P. falciparum 
GPIs can transduce signals to elicit inflammatory cytokine 
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responses (27-29), there have been concerns as to whether 
the observed activity was due to contamination (parasite, 
erythrocytes, and/or mycoplasma origin [43]). These con- 
cerns were based on the observations by some investigators 
that aqueous buffer extracts of parasite cultures, presumed 
to have extracted the parasite GPIs upon boiling, could not 
elicit TNF-a. Thus, they have argued that the cytokine- 
inducing property of P. falciparum was due to unknown 
components. However, it should be noted that GPIs can 
only be extracted with organic solvents. Because of this ex- 
isting controversy, we tested TNF-a induction by the 
highly purified parasite GPIs. The results presented in this 
paper clearly show that the purified P. falciparum GPIs can 
induce TNF-a in macrophages. This activity is consistent 
with the recent finding by Almeida et al. that a highly pu- 
rified GPI moiety of T. cruzi trypomastigote mucin in- 
duces TNF-a (30) and confirms the previous finding by 
Schofield et al. (26). Furthermore, studies by Almeida et al. 
also show that CI 8:1 and/or CI 8:2 acyl substituent at sn-2 
in the T. cruzi GPIs is critical for TNF-a-inducing activity 
(30). As the P. falciparum GPI also contains C18:l (major) 
and CI 8:2 (minor) at sn-2, it is possible that these acyl sub- 
stituents contribute to the toxic property of the parasite 
GPIs. 

In malaria endemic areas, younger children have the 
highest risk of developing severe malaria, whereas older 
children and adults rarely develop severe disease despite re- 
peated exposure and significant parasitemia (23). People in 
nonmalarious regions completely lack this resistance, sug- 
gesting that the protection is due to a parasite-specific re- 
sponse acquired through repeated infections. In the West- 
ern Kenyan population studied here, we found that adults 
have P. falciparum parasitemia >14% of the time, whereas 
children <4 yr old have parasitemia >60% of the time. 
The density of parasitemia is lower in adults and, impor- 
tandy, the level of parasitemia that can be tolerated without 
causing febrile illness or anemia is higher in adults (Branch, 
O.H., unpublished). As P. falciparum GPIs are pathogenic- 
ity factors (26-29), the resistance of adults to malaria illness 
may be related to a GPI-specific protective immunity. 

All the Kenyan adult sera analyzed contained high levels 
of GPI-specific IgGs, whereas all 50 USA adult sera com- 
pletely lacked such antibodies. The antibody response was 
highly specific to GPIs and their intermediates; other phos- 
pholipids of the parasite showed only low levels of immu- 
noreactivity. Several phospholipids, including Pis, PGs, and 
CL, showed only 5-15% of the immunoreactivity exhib- 
ited by the parasite GPIs, which appears to be due to the 
polyclonal nature of the antibodies reacting with the com- 
mon epitopes. Previously, several studies have reported the 
presence of significant levels of antibodies that bind phos- 
pholipids either direcdy or via binding of serum (32-glyco- 
protein I (44). In those studies, lipids were coated with sev- 
eral micrograms per well for ELISA. It is known that 
proteins and antibodies can nonspecificaUy bind to lipids 
when coated at high density. In contrast, our study used 
0.5-2 ng/well of GPIs for ELISA and 100 ng for TLC im- 
munoblots. Moreover, in previous studies, plates coated 



with lipid antigens were incubated with sera diluted with 
buffers without detergent. Under such conditions, we 
found high levels of nonspecific activity. Thus, our study 
clearly demonstrates that the identified IgGs are specific to 
GPIs. 

Our results also establish that the PI portion of the GPIs 
contributes significandy to immunogenicity. The removal 
of the sn-2 fatty acid from the GPIs did not affect antibody 
reactivity (Vijaykumar, M., unpublished results). As treat- 
ment with HF abolished immunoreactivity, it appears that 
the acylated inositol phosphate is the immunogenic portion 
of the molecule. This agrees with the previous finding that 
antibodies raised against Pis can inhibit the induction of 
TNF-a by P. falciparum extracts (45). These results are im- 
portant in that if an sn-2 acyl substituent is indeed required 
for cytokine-inducing activity, then it may be possible to 
synthesize nontoxic molecules for therapeutic purposes. 

The TNF-a-inducing activity of GPIs and the correla- 
tion between the general resistance of adults in endemic ar- 
eas to malaria pathogenesis and the presence of serum anti- 
GPI antibody response suggest that the acquired immunity 
is related significandy to the anti-GPI antibodies. This pre- 
diction agrees with the lack of such an antibody response in 
the majority of children <4 yr old, the risk of children de- 
veloping severe malaria, and the correlation between the 
gradual acquisition of the antibody response in an age- 
dependent manner (>80% of the 7-8-yr-olds having high 
levels of serum antibody) and protection against malaria 
with age. Thus, a direct correlation between anti-GPI anti- 
bodies and malaria-related pathology could be observed in 
young children. 

High levels of antibodies against several other antigens 
such as MSP-1, EBA-175, and circumsporozoite protein 
are also present in adults, and therefore it may be argued 
that the anti-GPI antibody response is not independent 
from those antibodies. However, it is important to consider 
that the anti-GPI antibody response is related to antidisease 
immunity, whereas antibodies against parasite proteins 
studied to date are involved in antiparasite immunity (con- 
trolling parasite burden). Furthermore, whereas ~80% of 
children <2 yr of age either lack or contain very low levels 
of short-lived anti-GPI antibodies, these children can have 
high levels of antibodies against MSP-1 and other proteins 
(8, 9; and Branch, O.H., unpublished results). Although 
there was a correlation between the levels of MSP-1 and 
EBA-175 antibodies and protection against parasite density, 
these antibody responses were not related to anti-GPI anti- 
body response, protection against febrile illness, and hemo- 
globin loss at any given parasite density. 

Almost all malaria vaccine development efforts currendy 
being pursued use parasite proteins in a multicomponent 
formulation, aimed at providing immunity against infection 
(antiparasitic [5]). On the other hand, by blocking the toxic 
effects of the parasite GPIs, a GPI-based vaccine might sig- 
nificandy reduce malaria pathogenesis. The identification 
of the PI moiety as the functional part of the molecules 
should significandy simplify any approach towards the de- 
velopment of antidisease measures. 
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Abstract 

Glycosylphosphatidylinositol (GPI) membrane anchors of Plasmodium falciparum surface proteins are thought to be important factors 
contributing to malaria pathogenesis, and anti-GPl antibodies have been suggested to provide protection by neutralizing the toxic activity of 
GPIs. In this study, IgG responses against R falciparum GPIs and a baculovirus recombinant MSPlpl9 antigen were evaluated in two distinct 
groups of 70 patients each, who were hospitalized with malaria. Anti-GPI IgGs were significantly lower in patients hospitalized with con- 
firmed cerebral malaria compared to those with mild malaria {P < 0.01) but did not discriminate for fatal outcome. In contrast, a specific 
marker of the anti-parasite immunity, as monitored by the anti-MSPlpl9 IgG response, was similar in both cerebral and mild malaria indi- 
viduals, although it was significantly lower in a subgroup with fatal outcomes. These results are consistent with a potential anti-toxin role for 
anti-GPI antibodies associated with protection against cerebral malaria. 
© 2005 Elsevier SAS. All rights reserved. 
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1. Introduction 

Many clinical manifestations of Plasmodium falciparum 
infection are caused by a complex cascade of events trig- 
gered during schizont rupture. Glycosylphosphatidylinositol 
(GPI) anchor structures are considered to be important para- 
site toxin candidates that could contribute to immunopatho- 
logical events, leading to the development of severe malaria. 
The patho-physiological effects of parasite GPIs have been 
attributed to their ability to induce the production of proin- 
flammatory cytokines in the host, including tumor necrosis 
factor (TNF-a), interleukin-l (IL1), nitric oxide (NO), and 
interferon (lFN-y) [ 1-4]. Additionally, Plasmodium GPIs have 
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been proposed to mediate hypoglycemia by mimicking the 
activity of insulin [5J. 

GPIs are ubiquitous in eukaryotes, and are primarily 
involved in anchoring certain cell surface proteins to plasma 
membranes. Compared to animal cells, GPIs are abundantly 
expressed in various parasite species including Plasmodium, 
Trypanosoma and Leishmania, and these organisms contain 
large pools of free GPIs that are not attached to proteins [6]. 
Unlike protein anchored forms, free GPIs are not masked on 
cell surfaces, and therefore are more accessible for triggering 
innate immune responses [7], including pro-inflammatory 
cytokine secretion [8]. Although the physiological functions 
of the GPIs remain poorly understood, it appears likely that 
the parasites use GPI bioactivity to stimulate host immune 
responses for their own benefit. However, uncontrolled stimu- 
lation of the innate immune system is deleterious to host, and 
that can lead to severe clinical symptoms [7], 
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Since individuals living in areas of high malaria transmis- 
sion have acquired immunity to malaria pathogenesis, anti- 
GP1 antibodies have been proposed as mediators of malaria 
"anti-disease" immunity. Several studies have addressed the 
question of the protective role of anti-GPI antibodies [8-1 1], 
In malaria endemic areas, anti-GPI lgG are produced in an 
age-dependent manner, correlating with the cumulative age- 
related acquisition of protective immunity to malaria. Jt has 
also been observed that antibodies to GPIs are predomi- 
nantly of the IgG3 subclass and are rapidly boosted in 
response to infection, but they are short-lived [9-12], While 
a recent study has shown that anti-GPI antibodies are higher 
in children with asymptomatic infections compared to those 
exhibiting clinical symptoms [9,10,13], the observed differ- 
ences were not statistically significant and there is clearly a 
need for more controlled studies. 

On the other hand, acquired immunity relates to IgG 
responses against protection-associated target Ags with effec- 
tive anti-parasite activity such as the conserved 19 kDa 
C-terminal fragment of the 200-kDa major merozoite sur- 
face protein 1 . During merozoite invasion of erythrocytes, a 
major portion of N-terminal MSP I is proteolytically cleaved, 
leaving PfMSPl pi 9 anchored to the parasite surface by a GPI 
moiety that is carried into newly invaded erythrocytes [14]. 
Antibody responses to PfMSPl pl9 have been extensively 
studied and shown to be associated with clinical immunity in 
children and adults [15,16], PfMSPl pl9 is known to induce 
an effective R falciparum anti-parasite immune response by 
inducing antibodies that interfere with the merozoite inva- 
sion process [17]. 

We investigated, in a case-control study consisting of indi- 
viduals from an urban area with symptoms of cerebral malaria 
at hospital in Dakar, Senegal, the potential protection- 
associated role of R falciparum anti-GPI IgG responses in 
malaria pathogenesis. Two sets of distinct, well-defined 
groups of patients with confirmed cerebral malaria were 
recruited in two consecutive timeframes. In parallel, as a 
marker of IgG response to infection, we measured the levels 
of anti-MSPl IgGs using a recombinant PfMSPlpl9 ex- 
pressed in baculovirus [18]. The recombinant PfMSPlpl9 
antigen is strongly recognized by the sera of infected indi- 
viduals, and IgG responses were shown to be significantly 
associated with delayed infection following drug cure [19], 



and with clinical protection [20J. Our results show that, 
patients with cerebral malaria had significantly lower levels 
of anti-GPI antibodies compared to control group of individu- 
als hospitalized with mild malaria and that anti-GPI antibody 
response do not relate with fatal outcome. 

2. Materials and methods 

2.7. Sample collection and study population 

Subjects were patients, treated at Hopital Principal, living 
in the hypoendemic urban area of Dakar (Senegal). In Dakar, 
over 2 million people seasonally receive an average of 
0.5 infective bite per individual per year, with highly variable 
densities of vector anopheline mosquitoes [21]. A mean inci- 
dence of 2.4% of clinical accesses (26 cases out of 1067) 
were observed [13]. Blood samples collected for biological 
investigations from patients hospitalized for acute symptoms 
of malaria at different periods of time, recruited yearly from 
September to December, were used. 

The study group 1 consisted of 70 hospitalized "adults" 
(>13 years old, and not treated in the pediatric intensive care 
facilities). In this group, 35 patients had confirmed cerebral 
malaria (sCM) and recovered with no sequelae (mean age 
28 years, sampled in 1998-1999), and 35 adults hospitalized 
for "mild" malaria (mean age 31 .7 years, sampled in Novem- 
ber-December 1999) (hMM). In these two groups, there was 
no significant difference in the age distribution (Table 1). 

The study group 2 consisted of 70 patients hospitalized 
with cerebral malaria, sampled in 2000 and 2001. Of these, 
24 were aged 13-63 years (mean age 31 years), 28 were 
2-12 years old (mean age 6.8 years) with confirmed cerebral 
malaria but recovered (sCM), and 18 adults and children 2.6- 
63 years old had a fatal outcome to cerebral malaria (fCM, 
see Table 1). In this study, we included two control groups: 
(i) 30 individuals treated for "mild" malaria (MM) at the health 
center of Dakar (6-46 years, mean 17.3 years); (ii) 47 unin- 
fected individuals (2-62 years, mean 20.6 years) living in 
Dakar (NI), sampled in the context of routine biological analy- 
ses carried out at the hospital during the transmission period. 
The NI group was included to check for negativity of anti- 
GPI Ab in individuals without recent history of infection 



Table 1 

Characteristics, levels and prevalence of IgG responses against MSPlpl9 and GPI in the different study groups 



Study 


Period 


Patient 


Ni 


age groups 


age 




AbtoGPI 4 




Abto MSP1 4 








class 




<13 


*13 


meantSD 


% 


med. [Range] mean 


% 


med. fRanoel 


mean 


1 


1998-99 


sCM' 


35 




35 


27.0 [14.61 


17 


1.1 [1-9.7] 1.7 


94 


8.0 [1.8-10.4] 


7.2 


1 


1999 


hMM 2 


35 




35 


31 .7 [15.5] 


31 


1.5 [1-17.1] 2.6 


100 


8.4 [2.6-9.9] 


7.7 


2 


2000-01 


sCM' 


52 


28 


24 


18.0 [16.4J 


15 


1.1 [1-6.1] 1.6 


79 


8.0 [1-13.11 


7.4 


2 


2000-01 


fCM = 


18 


7 


11 


20.6 [13.9] 


11 


1.2 [1-2.9] 1.4 


50 


2.4 [1-12.5] 


4.7 


2 


2000 


MM 3 


30 


12 


18 


16.4 [9.6] 


33 


1.2 [1-13.5] 2.8 


93 


7.5 [1.1-18.9] 


7.5 


2 


2001 


Ni 1 


47 


20 


27 


20.5 [16.0] 


0 


1 (1-1.9] 1.1 


28 


1 [1-8.7] 


1.7 



1 sCM=surv?ving cerebral malaria; fCM = fatal cerebral malaria; NI = non infected individuals 
'hMM^spitaRzed m8d malaria controls in study 1 
3 MM=mfld malaria controls from health center in study 2 

4 Ab responses are expressed as %=inddence of responses; med.=median value; range and 
mean values of OO ratio 
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(Table 1). There was no significant difference in the age dis- 
tribution among the three age-groups. 

After collection of blood samples, red blood cells were 
separated by centrifugation, and plasma stored at -20 °C until 
used. Each set of samples has been grouped and analyzed 
separately. 



prevalence of responses between groups. P values < 0.05 were 
considered significant after the Bonferonni correction for mul- 
tiple comparison. Statistical analyses were performed using 
Stata 7.0 and Statview 5.0® software (SAS Institute, Cary, 
NJ). 



2.2. Antigens and EUSA procedure 



3. Results 



GPIs were isolated and purified by HPLC as described [9]. 
Recombinant PfMSPlpl9 (Palo Alto allele), was produced 
in Trichoplusia ni insect ceils (High Five, Invitrogen) infected 
with recombinant baculovirus and purified by metalloaffinity 
chromatography [22]. GPIs were dissolved in methanol and 
50 ul per well (2 ng GP1) was transferred to fiat-bottomed 
Immulon-4 96- well microtiter plates (Dynatech, Springfield, 
VA). Plates were dried at 37 °C and blocked with Phosphate- 
buffered saline containing 5% BSA (PBS-BSA). Microtiter 
plates were coated with 100 ul per well of PfMSPlpl9 at a 
concentration of 0.5 ug/ml. Plasma samples were diluted 
1:100 in PBS with 1% BSA /0.05% Tween 20, and ELlSAs 
were performed as described previously [9,19,23]. 

The results are expressed as OD "ratios, i.e. OD sample / 
ODnegative contro j. The negative control was pooled plasma from 
Europeans not exposed to malaria. Positive responders were 
individuals with OD ratios > 2 (corresponding to mean 
OD + 2 S.D. of naive controls) [1 9,23]. For positive controls, 
ODs were -0.45 (OD ratio of -6) and - 1 .6 (OD ratio of - 1 1 ) 
for GPI and PfMSPlpl9, respectively. 

2.3. Statistical analysis 

Comparisons of antibody levels between different groups 
were done by the Mann-Whitney rank test and the Spearman 
rank correlation test for non-normally distributed data. The 
Fisher* s exact test and the chi-square were used to compare 



3 J. IgG responses to PfMSPJpl9 and GPI in study 
group I 

As summarized in Table 1 , in this study group, 
MSPlpl9 was strongly recognized by all patients (94-100% 
responders with an OD ratio > 2). There were similar levels 
and distribution of PfMSPlpl9 specific IgG in groups with 
mild (hMM, median = 8.4), or cerebral malaria (sCM, 
median = 8.0) (Fig. la). In contrast, the anti-GPI IgG levels 
were significantly lower (P < 0.01) in individuals with sCM 
(median =1.1) compared to hMM (median = 1.5) (Fig. lb). 
The distribution of anti-GPI antibody responses was differ- 
ent between sCM and hMM cases; fewer individuals show- 
ing elevated values in sCM. Further, the prevalence of 
responders was significantly lower in sCM compared with 
hMM (chi square = 5.51; P = 0.02). 

There was no significant correlation between IgG responses 
against MSP1 pi 9 and GPI (Fig. 2a). Only a few individuals 
with cerebral malaria had high responses to both antigens. 
Importantly, there was no correlation between age of indi- 
viduals and IgG responses againstPfMSPlpl9orGPI in sCM 
and hMM groups. Additional control using samples from indi- 
viduals living in an holoendemic setting (data not shown), 
exhibited age-associated IgG responses, in agreement with 
previous studies, showing that the anti-GPI IgG responses 
increased with age, along with cumulative immune responses 
in individuals continuously exposed to P. falciparum [II]. 
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Fig. 1. Scatter plot of the distribution of antibodies against GPIs and MSPlpl9 in the different study groups. Shown are IgG responses against PfMSPlpI9 (a, 
d) and GPI (b, c) for individuals in study group 1 (a, b) and study group 2 (c, d). hMM and hCM, respectively, represent 35 mild malaria and 35 cerebral malaria 
cases in the study group 1 . MM, CM and NI, respectively, represent mild malaria cases from the Health Center, cerebral malaria cases, and non-immune controls 
in the study group 2. Fatal cases among CM individuals of study group 2 (c, d) are plotted in black. Mean levels of IgG response in a-d are indicated by black 
horizontal lines and mean anti-pfMSPlp!9 level of fatal cases (d) is indicated by gray line (c). 
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Fig. 2. Distribution of anti-PfMSPIp!9 as function of anti-GPI antibody responses in study l (a) and study2 (b). Shown are scatter plots of anti-PfMSPlpl9 
(X-axis) as function of anti-GPI (/-axis) of hospitalized mild malaria controls (hMM, gray circles) vs. surviving cerebral malaria cases (sCM, open squares). In 
part b are plotted data from study 2 with mild malaria from health center (MM, gray circles), vs. surviving cerebral malaria cases (sCM, open squares) and fatal 
cases (fCM, black squares). 



3.2. IgG responses to GPI and MSP J p] 9 in study group 2 

The distribution of anti-GPI IgG response for individual 
cases in CM, MM and NI (uninfected control group) groups 
is shown in Fig. lc. The profile of responses in the CM group 
is similar to that of the CM group in study group 1 (see 
Fig. 1 b), with a restricted number of positives responses lead- 
ing to similar median values (Table 1). Importantly, there was 
no significant difference in anti-GPI IgG responses between 
fatal cases and surviving individuals (CM). The profile of anti- 
GPI antibody response for MM group is similar to that of 
anti-GPI antibody response for hMM in study group 1 (see 
Fig. lb, c). As in the case of study group 1, the number indi- 
viduals with positive anti-GPI antibody response are signifi- 
cantly higher in MM group than in CM group (chi 
square = 4.76; P = 0.03). (Fig. lc). 

Importantly, there was no positive response against GPI in 
the non-infected control group, despite some past infection 
as indicated by the presence of anti-MSPl antibodies (Fig. 1 d). 
These results are in agreement with the notion that IgG against 
GPI are short-lived and boosted by active infection. 

In this study, PfMSPl pi 9 was also strongly recognized by 
infected individuals (71-87% positive responders), with a 
non-negligible incidence in urban negative controls (Table 1 
and Fig. Id). Importantly, in the group of hospitalized indi- 
viduals, a comparison of IgG responses specific for 
PfMSPl pi 9 in patients who recovered from cerebral malaria 
versus those who had fatal outcomes indicated that there was 
a significantly lower level (P - 0.012) of anti-PfMSPlp!9 
antibody responses (median value of 8.0 and 2.4, respec- 
tively) and a significantly lower prevalence of responses (50% 
vs. 79%, chi square = 5.45; P = 0.02). 

In addition, as observed in study group 1, there was no 
relationship between IgG responses against GPls and 
MSPlpl9 and no age-associated IgG responses despite the 
inclusion of young individuals in this study (Fig. 2b). 



4. Discussion 

In this study, we analyzed anti-GPI IgG responses in indi- 
viduals living in an urban area of low endemicity, who devel- 
oped cerebral malaria following P. falciparum infection. Two 
groups of patients (CM and MM), considered to be non- 
immune, were sampled from the same location during differ- 
ent time periods, and categorized on the basis of the clinical 
outcomes. These individuals, regardless of age and exposure 
to infective bites, were at risk for clinical episodes, and shared 
similar observable clinical outcomes of cerebral malaria. 
Recruitment involved well-documented case-control study, 
sharing an adequate follow-up and treatments in the inten- 
sive care unit of Dakar's hospitals. There was a substantial 
heterogeneity in such recruitment, as the individual level of 
medical care and history of infection is partially documented 
before hospitalization. Inclusion in the study was limited to 
the transmission season and restricted by the capacity of the 
intensive care facilities, requiring a cumulative enrollment 
during two consecutive seasons to collect an adequate num- 
ber of comparable samples. 

The data showed that individuals who developed cerebral 
malaria had markedly lower levels of anti-GPI antibodies 
compared to those hospitalized with mild symptoms. This 
suggests that cerebral malaria is associated with low levels of 
anti-GPI IgGs, possibly resulting in insufficient anti-GPI neu- 
tralizing activity. In contrast, there was no significant differ- 
ence of anti-PfMSPlpl9 antibodies in these two categories 
of individuals. Interestingly, antibody levels against several 
P. falciparum recombinant conserved antigens other than 
PfMSPl pi 9 were similar between hMM and sCM groups 
(data not shown). This may be related to differences in the 
kinetics of the production of antibodies against GPI and 
PfMSPl pi 9 and other protein antigens. Glycolipids are gen- 
erally poor antigens compared to proteins and therefore, the 
anti-GPI antibody response may require repeated exposure, 
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as compared to rapid boosting of the highly immunogenic 
MSPlpl9 antigen. Even though the anti-GPI antibody 
responses are considerably lower than those for PfMSPl pi 9, 
they possibly influence significantly the development of cere- 
bral malaria. 

The presence of comparable levels of anti-PfMSPlpl9 
antibodies in individuals from both study groups, regardless 
of disease status, suggests that protective responses against 
parasite surface protein antigens, which likely control infec- 
tion by interfering with parasite invasion [17], may not be 
sufficient for effective control of severe malaria. Thus, the 
results of our study argue in support of the widely prevailing 
notion that protective immunity against malaria pathology 
consists of two major components: "ami parasite" and "anti- 
toxin" immunity [24]. While antibodies against parasite anti- 
gens such as PfMSPlpl9 can effectively control parasite 
infection [17,19], and thereby lower the risk of developing 
severe malaria, anti-GPI antibodies, have been suggested to 
provide protection against the development of severe symp- 
toms of the disease by neutralizing the activity of GPIs [2]. 
Although in some cases, depending on host genetic varia- 
tion, the an ti -parasite approach may provide sufficient pro- 
tection, the combined approach is expected to be much more 
effective. Thus, the anti-GPI antibody response can be an 
important and valid target for the development of anti- 
disease therapies and/or vaccines. However, since anti-GPI 
antibodies are short-lived, the challenge is to obtain long last- 
ing antibody responses to realize the full potential of GPI- 
based vaccines [10,12]. 

An unexpected finding of this study is that, despite elevated 
mean IgG responses to PfMSPl pi 9 in all malaria infected 
groups, there were significantly lower IgG levels in the sub- 
group of individuals with fatal outcomes to cerebral malaria, 
compared to those who recovered. These results are consis- 
tent with recent findings of a prospective study in Ndiop indi- 
cating the requirement for a critical level of anti- 
PfMSPlpl9 antibodies (OD ratio = 7) for a significant 
association with delayed reinfection following drug cure [19]. 
In this study, anti-PfMSPlpl9 IgG responses in fatal cases 
were unusually low compared to results of several studies of 
P. falciparum infected individuals (urban and hospital con- 
sultants) using the baculovirus expressed PfMSPl pi 9 anti- 
gen (unpublished data). However, specific IgG responses to 
MSPlpl9 do not qualify as prognostic measures for predict- 
ing severe disease and/or fatal outcomes in infected individu- 
als, because multiple targets on the merozoite surface are 
likely to contribute to the prevention of hyper-parasitemia. In 
addition, since an ti -disease immunity is required to achieve 
complete protection against severe malaria [25], our results 
show that measures of anti-GPI IgG could not discriminate 
between recovery and fatal outcomes to cerebral malaria. 

In summary, our results argue for a substantial protection- 
associated role of anti-GPI IgGs against the manifestations 
of cerebral malaria. However, a direct role for anti-GPI anti- 
bodies in neutralizing parasite toxins involved in malaria 
pathogenesis remains to be demonstrated. Our results call for 



further confirmation and studies on the mechanisms by which 
GPIs are able to stimulate host adaptive immune responses to 
produce anti-GPI antibodies to exploit the potential of this 
approach for malaria prophylaxis or therapy. 
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tion in promoting T cell proliferation in re- 
sponse to TCR and IL-2 activation. IL-2 re- 
ceptor expression is not altered, and the T 
cells are able to produce cytokines in these 
STAT5A/B double knockout mice (75). It is 
possible that the TCR needs to directly acti- 
vate STAT5 to induce some expression of 
immediate early genes, such as the CD69 
gene, which has a role in T cell proliferation 
(19). Thus, our results suggest a route of TCR 
signaling in which STATS is directly activat- 
ed and may contribute to early gene regula- 
tion and T cell proliferation. 

References and Notes 

1. A. Weiss and D. R. Littman, Celt 76, 263 (1994); C A. 
Janeway Jr. and K. Bottomly, Semin. Immunol 8, 108 
(1996). 

2. T. J. Molina et a/., Nature 357, 161 (1992); D. B. 
Straus and A. Weiss. Celt 70, 585 (1992); L Kamitz ef 
a/., Mot. CetL Biol. 12, 4521 (1992). 

3. M. Reth, Annu. Rev. Immunol. 10, 97 (1992); L £ 
Sametson and R. D. KlausnerJ. Biol. Chem. 267, 24913 
(1992); L R. Howe and A. Weiss, Trends Biochem. Sd. 
20, 59 (1995); R. M. Perfmutter. Cancer Surv. 22, 85 
(1995). 

4. G. R. Crabtree. Science 243, 355 (1989); A Rao. C Luo, 
P. C. HogaaAwiu. Rev. Immunol. 15. 707 (1997). 

5. J. E. Darnell Jr., I. M. Kerr. G R. Stark, Science 264, 1415 
(1994); X. Y. FuJ. Leukocyte Biol. 57, 529 (1995); J. N. 
Ihle ef at.. Annu. Rev. Immunol. 13. 369 (1995); W. J. 
Leonard and J. J. O'Shea, ibid. 16. 293 (1998). 

6. X. Y. Fu and J. J. Zhang, Cell 74, 1135 (1993); H. B. 
Sadowski, K. Shuai, J. E. Darnell Jr., M. Z. Cilman. 
Science 261, 1739 (1993); F. W. Quelle et at.. J. Biol 
Chem. 270, 20775 (1995); C.-L Yu et al, Science 
269, 81 (1995); X. Cao, A. Tay. C. R. Guy, Y. H. Tan, 
Mol Cell Biol. 16, 1595 (1996); D. W. Leaman et al, 
ibid., p. 369: Y. E. Chin et al. Science 272, 719 (1996). 

7. H. Nakajima et al, Immunity 7, 691 (1997). 

8. C A Janeway Jr. et al, Immunol Rev. 101, 39 (1988); 
T. Kupper, M. Horowitz. F. Lee, R. Robb. P. M. Flood, 
J. Immunol 138. 4280 (1987). 

9. The Th2 done D10 cells were maintained in Click's 
medium supplemented with fetal bovine serum (5%) 
and stimulated with B10BR splenocytes and hen egg 
conalbumin (0. 1 mg/mi) (Sigma) every 3 to 4 weeks. For 
TCR cross linking, cells were kept on ice for 15 min, 
incubated with donotypic antibody 3D3 to D10 TCR (5 
u,g/ml) on ice for an additional 15 min, washed, and 
treated with anti-mouse immunoglobulin C (Southern 
Biotechnology, Birmingham. AL; 8 pg/ml) at 37°C 
Phospho-STATS analysis: Cells were collected by cen- 
trifugation and immediately lysed by boiling in electro- 
phoresis loading buffer. Phosphorylation of STATS was 
detected by protein immunoblotting with specific anti- 
body to phosphotyrosine 694 of STATS (New England 
Biolabs. Beverly, MA: Zymed, San Frandsco, CA). IL-2 
was obtained from Chiron (Emeryville, CA). 

10. T. Welte and X.-Y. Fu, unpublished results. 

11. 293T cells were transiently transfected with DNA by 
calcium phosphate precipitation. Experiments were 
carried out 2 days after transfection. Electrophoretic 
mobility- shift assay (EMSA) was done with whole- 
cell lysates that were incubated with nonspecific 
competitor DNA and 32 P-labeled B-casein SIE (5'- 
TGTCC ACT TCT TCCAATTAACCCACT TTTC-3 ') or 
CD69-SIE (5'-GATCCCATTCCTCCAAAATC-3'). Pro- 
tein-DNA complexes were resolved on 4% nondena- 
turing polyacrylamide gels in 0.5 x tris-borate EDTA. 

12. B. K. al-Ramadi. T. Nakamura, D. Leitenberg, A L 
BothwelLJ- Immunol 157, 4751 (1996). 

13. Immunoprecipitatiort 293T cell lysates were prepared 
in a lysis buffer containing Dtgjtonin as detergent [4 x 
10 s cells, 250 uJ of 1% Digitonin, 20 mM tris-HCl (pH 
7.5). 150 mM NaCl. 1 mM MgCl 2 , 1 mM EGTA. 1 
mM phenylmethylsulfonyl fluoride, 5 mM NaF, 
aprotinin (10 mg/ml), leupeptin {10 mg/ml), pep- 
statin (1 mg/ml), and 250 jtM o-Vanadate]. Lysates 
were incubated with anti-STATSA (1.2 u.g per sam- 



ple; Santa Cruz Biotechnology. Santa Cruz, CA), 
prebound to protein A agarose beads, for 3 hours 
and washed two times in 1 % Digitonin lysis buffer 
and two times in 0.1% Digitonin lysis buffer. T cell 
clone cells and primary T cells were lysed in a lysis 
buffer containing 1% Brij instead of Digitonin and 
supplemented with 10 mM Na 4 P 2 0 7 (10 7 cells, 250 
H.I). Anti-STATS and anti-CD3-e (145-2C11) im- 
munoprecipitations, aga rose-conjugated anti- 
STAT5B, and anti-NF-KB (7.5 u,g per sample) were 
added for 2 hours followed by washing steps. 
Protein immunoblots were done with anti-STATS 
(Santa Cruz Biotechnology), anti-phosphotyrosine 
(4G10). anti-TCR-a, anti-TCR-C and anti-Lck 
(Santa Cruz Biotechnology). 

14. D. Leitenberg, Y. Boutin, S. Constant, K. Bottomly, / 
Immunol 161,1194(1998). 

15. FLAG-tagged STATS was obtained by replacing the 
NH 2 -terminal methionine of mouse STAT5A by 
FLAG-encoding sequence. In FLAG STATS Y694F. ty- 
rosine (Y) 694 was changed to phenylalanine (F) 
(QuikChange Site-Directed Mutagenesis Kit; Strat- 
agene). Expression of FLAG-tagged proteins was 
detected with antibody M2 (Kodak). Stable trans- 
fection of D10 cells was done as described (72). 
Linearized plasmid DNA (20 u.g) was transfected by 
etectroporation of antigen-stimulated D10 cells 
(2 X 10 7 ). followed by selection in a medium 



NKT cells are unusual CD4 + , NK1.1 + lym- 
phocytes (J) that produce interleukin-4 (IL-4) 
rapidly in response to T cell receptor (TCR) 



L Schofield, D. Hansen, S. D. Tachado, Walter and 
Eliza Hall Institute of Medical Research, Post Office, 
Royal Melbourne Hospital, Victoria 3050, Australia. 
M. J. McConville, Department of Biochemistry and 
Molecular Biology, University of Melbourne. Victoria 
3052, Australia. A. Stewart Campbell INSMED Phar- 
maceuticals, 880 East Leigh Street, Richmond, VA 
23219, USA. B. Fraser-Reid. Natural Products and 
Ctycotechnology, 4118 Swarthmore Road, Durham, 
NC 27707, USA. M. J. Grusby, Department of Immu- 
nology and Infectious Diseases, Harvard School of 
Public Health, and Department of Medicine, Harvard 
Medical School, Boston, MA 02115. USA. 

*To whom correspondence should be addressed. E- 
mait schofield @wehi. edu.au 



containing G418 (1.4 mg/ml) (Gibco-BRL). Stable 
clones were obtained about 1 1/2 months later, 
restimulated every 2 weeks, and expanded in the 
presence of IL-2 (3 U/ml). 

16. Proliferation assay: D10 cells and transfectants 
(2.5 x 10 4 ) were incubated with mitomycin C-treat- 
ed splenocytes of B10.BR mice (5 x 10 4 ) and the 
agonistic peptide CA 134- 146. After 60 hours, 1 u.Ci 
of [ 3 H]thymidine was added for 4 hours, followed by 
harvest and liquid scintillation counting. 

17. C. Beadling et al, £MBO J. 13, 5605 (1994). 

18. S. Tegtund et al, Cell 93, 841 (1998). 

19. W. M. Yokoyama, S. R. Maxfield. E. M. Shevach, 
Immunol. Rev. 109, 153 (1989); S. F. Ziegler etal.J. 
Immunol 152, 1228 (1994). 

20. We thank T. L-Y. Chang, Y. twamoto, and H. Asao for 
discussion; L Ji and N. Bennett for assistance; and C 
Rudd for Ldt cDNA Supported by grants from NIH 
(AI34522 and GM55590 to X.Y.F., GM46367 to AM.B., 
and A126791 to K.B.). T.W. was supported by a fel- 
lowship from the Austrian Fond zur Foerderung wis- 
senschaftlicher Forschung, D.L is partially supported 
by an Arthritis Investigator Award, K.B. and CAJ. are 
investigators of the Howard Hughes Medical Insti- 
tute, and X.Y.F. is a recipient of Career Development 
Award from NIH. 

20 August 1998; 2 December 1998 



ligation (2). These cells have a skewed V a V p 
TCR repertoire (VJ4 and V p 8 in mice) (5), 
suggesting that they are positively selected 
by a limited range of ligands. Murine NKT 
cells are positively selected by cortical thymo- 
cytes expressing the non-MHC- encoded but 
MHC class 1-like molecule CD Id (7). The 
related human CD lb and CDIc molecules 
can elicit cytolytic and interferon-7 responses 
by presenting mycobacterial glycolipid anti- 
gens to CD8 + or CD4~CD8" T cells (4). 
Murine V a 14 + NKT cells recognize synthet- 
ic a-galactosylceramide in the context of 
CDld (5), and murine CD Id in transfected 
human T2 cells associates with phosphatidyl- 
inositol (PI)-containing compounds that may 
be GPIs (<5). Therefore, CD4 + NKT cells 



CD 1d- Restricted 
Immunoglobulin G Formation to 
GPI-Anchored Antigens 
Mediated by NKT Cells 
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Immunoglobulin C (IgG) responses require major histocompatibility complex 
(MHC)-restricted recognition of peptide fragments by conventional CD4 + 
helper T cells. Immunoglobulin C responses to glycosylphosphatidylinosrtol (CPI)- 
anchored protein antigens, however, were found to be regulated in part through 
CD Id-restricted recognition of the GPI moiety by thymus-dependent, interleukin- 
4-producing CD4 + , natural killer cell antigen 1.1 [(NK1.1) + ] helper T cells. The 
CD1-NKT cell pathway regulated immunogobulin G responses to the CPI-anchored 
surface antigens of Plasmodium and Trypanosoma and may be a general mechanism 
for rapid, MHC-unrestricted antibody responses to diverse pathogens. 
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may participate in CD Id-restricted recogni- 
tion of lipid antigens. However, the natural 
ligand and functional significance of NKT 
cells in immune responses in vivo remains 



unclear. The present study was initiated to 
test the assumption of MHC restriction of 
immunoglobulin G (IgG) responses to the 
GPI-anchored surface antigens of important 



protozoal pathogens. We have found instead 
that several such responses are controlled in 
part by CD ld-restricted recognition of GPI 
moieties by CD4 + NKT cells. 

T cell- dependent IgG responses to pro- 
tein antigens are thought to be exclusively 
MHC class Il-restricted. However, allogene- 
ic bone-marrow irradiation chimeras were 
similar to syngeneic controls in responding to 
malaria sporozoites (SPZs) with IgG to the 
circumsporozoite (CS) protein, despite being 
unable to respond to the nominal protein 
antigens tetanus toxoid (TT) or a full-length 
recombinant Plasmodium falciparum CS pro- 
tein (recCS) (7). Nude mice cannot respond 
to SPZs with anti-CS IgG, and passive trans- 
fer of depleting antibodies to CD4 into eu- 
thymic animals abolishes the anti-CS re- 
sponse to SPZs (8). However, nude mice 
engrafted with irradiated neonatal allogeneic 
thymi mounted anti-CS IgG responses to 
SPZs similar to those of recipients of synge- 
neic thymi, but did not respond to recCS or 
TT (7). Mice lacking both class II and class 
Il-restricted CD4* T cells, and that are un- 
able to respond to T-dependent antigens (P), 
produced anti-CS IgG (mean log 2 reciprocal 
titer of 10) in response to SPZs {10). Thus, 
CD4 + T cells are required for the IgG re- 
sponse to the native CS protein, but this may 
proceed through a MHC class II-independent 
route. 

The native CS protein is posttranslationally 
modified by a GPI anchor (77), whereas TT and 
recCS are not To determine whether the GPI 
anchor accounts for the difference in immu- 
nological behavior of the proteins, we puri- 
fied COOH-terminal GPls from affinity-puri- 
fied GPI-anchored proteins of P. falciparum 
(PfGPI) and Trypanosoma brucei membrane- 
form variant surface glycoprotein (mfVSG) 
(72) (Fig. i A), and nonprotein-linked free GPIs 
from Leishmania mexicana (12, 13) (Fig. IB). 
The compositional purity of these latter mole- 
cules was confirmed by gas chromatography- 
mass spectrometry (GC-MS). In addition, a 
phosphorylated and lipidated mammalian 
GPI based on the rat brain Thy-1 GPI (Fig. 
1 C), and the corresponding inositolphospho- 
glycan (IPG) lacking a lipid tail, both chemi- 
cally synthesized by *-pentenyl glucoside strat- 
egy and compositionally pure by ! H nuclear 
magnetic resonance (NMR) analysis (14), were 
also used. To generate responses to the hapten 
fluorescein (FLU), native and synthetic GPIs 
and IPG were exposed to 2-iminothiolane to 
introduce a sulfhydryl onto free amino groups, 
desalted, and conjugated in a molar ratio of 1 : 1 
to fluoresceinated, maleimide-activated ovalbu- 
min (OVA 1 ™). In contrast to sham-OVA™ 
alone or sham-OVA"- 0 mixed with equal mo- 
lar amounts of free PfGPI, PfGPI-OVA^ 
conjugates were able to induce anti-FLU IgGl 
formation in MHC class D -/ ~ mice (mean log 2 
reciprocal titer of 8). Similar IgG responses 



Fig. 1. Diagrammatical represen- 
tation of CP! structures used in 
this study. Purification and com- 
positional analyses are as de- 
scribed (12-14). (A) COOH-ter- 
minal GPIs from T. brucei and P. 
falciparum. Boxed areas repre- 
sent modifications found in 
PfGPI. The cleavage site of 
mfVSG by phosphatidyl nositol- 
specific phospholipase C (PI-PLC) 
is indicated. (B) Free iM2, iM4, 
and EP-iM4 GPIs of L. mexicana. 
Nomenclature is as described 
(74), where all isomers contain 
one mannose in al-3 linkage, EP 
indicates ethanolamine phos- 
phate, and M2 and M4 indicate 
the number of mannose resi- 
dues, as shown. (C) Chemically 
synthesized rat brain Thy-1 GPI. 
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Fig. 2. Response of peripheral NKT cells to purified GPIs in vitro. (A) As determined by forward 
(FSC) and side (SSC) light scatter, splenocytes from SPZ-primed dass ir'~ donors proliferate 
within 48 hours exposure to PfGPI (unshaded) compared with medium controls (shaded). The 
responding cells are NK1.1+, CD4 + and include a V a 14 + , CD4 + subset (25). (B) Splenocytes from 
dass ll -/ ~ donors were exposed to various antigens, and [ 3 H]TdR incorporation was determined 
after 4 days. Other cultures were exposed to PfGPI or Thy-1 GPI for 4 days, washed, and cultured 
in IL-2 (10 U/ml) for 2 days, followed by replating with irradiated wild-type APCs and restimulation 
with either PfGPI or Thy-1 GPI for 48 hours. IL-4 levels in the supernatant were determined by 
capture ELISA. 
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were obtained in class D _/ ~ mice with the 
mfVSG of T. brucei, but not the deacylated 
soluble VSG derived by Pi-specific phospho- 
lipase C (PI-PLC) hydrolysis (Fig. I A), dem- 
onstrating that the GPI lipid domain is required, 
and the GPI glycan is not sufficient, for the 
phenomenon. This was confirmed by compar- 
ing responses to OVA FLU conjugated to either 
synthetic Thy-1 GPI or Thy-1 IPG lacking fatty 
acid (log 2 reciprocal titer of 9.75 versus no 
response, respectively). Thus, IgG responses in 
class Il~ /_ mice require linkage of antigen to 
GPI with an intact lipid, which may be com- 
posed of diacylglycerol or alkylacylglycerol. 

Although lacking conventional T cells, 
class Il~ /_ mice retain a diverse population 
of MHC-nonrestricted CD4+ o/p TCR + T 
cells, including NKT cells and other CD4 + 
cells selected on GDI (9, 75). We therefore 
hypothesized that IgG responses to native and 
synthetically conjugated GPI-anchored pro- 
teins in both wild- type and class II _/ ~ mice 
proceed from CD ld-restricted presentation of 
GPIs to nonconventional T cells. To test this 
hypothesis, we examined the in vitro prolif- 
erative and cytokine responses to purified 
malarial GPI of splenocytes from animals 
primed with malaria SPZs. There was a 
marked increase in both the relative and ab- 
solute numbers of NK1.1+ CD4 + blastoid 
cells responding to GPI from both class II -/ " 
(Fig. 2 A) and wild-type mice. A high fre- 
quency of both V a 14 + CD4 + (Fig. 2A) and 
V p 8 + cells was also detected in the respond- 
ing population. No exogenous cytokines were 
required for this proliferation, but supple- 
mentation of cultures with IL-2 (5 U/ml) 
increased the level of response. 

To examine the fine specificity of re- 
sponding cells, we exposed splenocytes from 
wild-type and class animals primed to 
P. berghei SPZs to 0.5 jxM of the GPI struc- 
tures shown in Fig. 1, together with dipalmi- 
toyl-PL The cells responded to a similar de- 



gree to most intact GPIs, but only weakly to 
the iM2 GPI with truncated glycan and not at 
all to glycans lacking the fatty acid domain, 
or to PI (Fig. 2B). Thus, both glycan and fatty 
acids are required for recognition, and NKT 
cells from SPZ-primed donors respond to a 
range of GPIs from diverse protozoal and 
mammalian taxa. However, because the full 
range of structures presented to the host un- 
der these priming conditions is not known, 
the results may reflect either broad recogni- 
tion of diverse antigens by the general popu- 
lation of NKT cells or heterogeneous re- 
sponses from a clonally mixed population. To 
further distinguish between these possibili- 
ties, cells were expanded in the presence of 
either PfGPI or Thy-1 GPI for 4 days, rested 
in IL-2, then restimulated with homologous 
or heterologous antigen. Cells expanded by 
either antigen responded significantly less 
well to the heterologous stimulus (Fig. 2B). 
Analysis of antigen-specific frequencies after 
in vitro culture revealed no increase above 
background levels in response to PfGPI in 
naive donors, but a clear increase in antigen- 
reactive NKT cells from SPZ-primed donors 
(7 to 30% of total) (16). However, naive and 
primed donors both mounted significant re- 
sponses to the iM4 GPI (to 5% of NKT cells) 
(16). Together, the data are consistent with 
the reported fine specificity of CD1 -restricted 
CD4"CD8~ human T cells for the glycan 
component of glycolipids (4, 17), suggesting 
that antigen priming expands clonally diverse 
NKT cells that are able to discriminate 
among structurally distinct GPIs, but that 
high precursor frequencies for some GPIs 
may occur even among naive animals kept 
under specific-pathogen-free conditions. 

Cells that have been positively selected on 
NK1.1 and CD4 proliferate and produce cy- 
tokines specifically in response to TCR-me- 
diated signals (2, 18). When sorted NK1.1 + 
CD4 + cells from wild-type and class II~ /_ 



mice that had been primed to SPZs were 
cultured with irradiated wild-type or class 
II _/ " antigen-presenting cells (APCs), they 
responded to purified GPIs, as determined by 
incorporation of [ 3 H]thymidine ([ 3 H]TdR) 
and the production of high levels of IL-4 (Fig. 
3A). No proliferation in the absence of APCs 
indicated that GPIs do not provide a direct 
activation signal to NKT cells that is suffi- 
cient to induce cell growth. NKT cells did 
not respond to GPIs when cultured with 
irradiated APCs from p 2 -microglobulin -/ ~ 
(p 2 M-'-) and CD1.1/CD1.2"'- (CDl"'") 
(19) donors, or with wild-type and class 
II _/ ~ APCs in the presence of anti-CDl.l 
(1B1) (20), but responded fully in the pres- 
ence of isotype controls (Fig. 3A). The 
proliferative and IL-4 response to PfGPI of 
NKT cells and the V Q 14 + , CD4 + subset in 
unfractionated splenocytes could also be 
blocked by the anti-CD 1 monoclonal anti- 
body 1B1 (Fig. 3B). Thus, the recognition 
of GPIs by NKT cells is MHC-independent 
and CD 1 -restricted. In addition, NKT cells 
produced IL-4 in response to CDLl-trans- 
fected J774 macrophages (20) in the ab- 
sence of exogenous antigen, but not in re- 
sponse to sham-transfected controls. None- 
theless, the response was enhanced when 
CDI.l-transfectants were pulsed with Pf- 
GPI (Fig. 3A). The response of NKT cells 
to CD 1.1, observed previously (5, 18), has 
been adduced in support of the proposition 
that this cell population may play a physi- 
ological role in the absence of associative 
recognition of antigen (5, 21). However, as 
reported (5, 18), in the absence of exoge- 
nous antigen no cytokine expression was 
detected in response to APCs expressing 
normal levels of CD 1.1. Thus, high levels 
of CD1.1 expression in transfected cells 
may alone be sufficient to drive prolifera- 
tion. Alternatively, because NKT cells can 
respond to mammalian GPIs [for example, syn- 



Fig. 3. The proliferative 
and IL-4 response of NKT 
cells to PfGPI is MHC-inde- 
pendent and CD1 -restrict- 
ed (A) Sorted NK1.1 + , 
CD4 + cells (2 X 10 4 ) from 
wild-type or dass ir'~ do- 
nors were placed in tripli- 
cate with or without puri- 
fied GPI on irradiated 
splenocyte APCs from 
wild-type ( WT), dass 
ir /_ , p 2 M-'- or CD1 _/ - 
donors, or CD 1.1 -trans- 
fected and sham-trans- 
fected J774 macrophages. 
pH]TdR incorporation was 
determined after 3 days, or 
IL-4 production in the pres- 
ence or absence of anti- 
CD 1 was determined as in 
Fig. 2. (B) Splenocytes from SPZ-primed dass ll -/ " 
flow cytometric analysis after 3 days. 
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thetic Thy-1 GPI (Fig. 2B)], CDl.l-transfec- 
tants may be able to present endogenous GPls 
to NKT cells, as suggested by the association of 
CDld in transfected T2 cells with Pl-containing 
compounds (5). Thus, GDI may not be "emp- 
ty,** and self-reactive NKT cells may arise 
through incomplete negative selection. Such a 
possibility may explain the nonantigen-speciflc 
regulatory activity of NKT cells (2, 22). 

NKT cells can induce lg class switch in 
B cells exposed to anti-IgD (2). Extending 
to antigen-specific systems, NKT cells co- 
operated with B cells by ELI SPOT assay in 
CD 1 -restricted IgG formation to GPI- 
OVA FLU and native P. berghei CS protein 
formation, but not to OVA FLU (Fig. 4A). 
To determine, therefore, whether CD1 .1 - or 
CD 1.2 -restricted antibody formation was a 
major or minor contributor to the IgG re- 
sponse to GPI-anchored proteins and SPZs 
in vivo, we exposed CD1 W ~ mice and 
wild-type controls to mfVSG FLU , SPZs, or 
recCS. Responses to mfVSG FLU and SPZs 
were significantly curtailed in CD1 _/ " 
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Fig. 4. CD 1 -restricted antibody formation to 
neo-CPI-proteins and malaria SPZs. (A) Donor 
nu/nu mice were primed twice with P. berghei 
SPZs or twice with LPS FLU . Splenocytes were 
cultured in the presence of IL-2 (10 U/ml), with 
and without antigen (0.1 u-g/ml sham-OVA FLU , 
PfCPl-OVA FLU , or 5 X 10 4 SPZs), anti-class I, 
anti-class II, and anti-CD1, with 10 4 NKT cells 
from SPZ-primed class U _/_ donors. Antigen- 
specific IgG production was quantified by ELIS- 
POT against fluoresceinated dog serum albu- 
min for responses to OVA FLU , and rCS for re- 
sponses to SPZs. (B) Responses of CD1.V 
CD1.2~'~ (O) and Balb/c wild-type mice (•) to 
SPZs, recCS, and mfVSG FLU . IgG titers were 
determined as described (7). 



mice (Fig. 4B), indicating that under these 
conditions the CD 1 -restricted pathway of 
]gG formation is an important component 
of responses to the native CS protein. Both 
groups responded equally to recCS, con- 
firming that class II- dependent responses 
are unaffected by loss of CD1. It is not yet 
clear whether the IgG responses to SPZs in 
CD1 ~ /_ mice result from class II-restricted 
responses to the intact GPI-anchored CS 
protein or to a proportion of the antigen 
adventitiously deacylated in these prepara- 
tions, or from a non-class II, non-CD 1 
pathway. 

GPIs are widespread among eukaryotes, 
and the expression of GPI-anchored pro- 
teins and free GPIs is particularly abundant 
among the parasitic protozoa. Because 
CD1 -restricted NKT cells can recognize 
GPIs from diverse taxa (Fig. 2B), CD1- 
restricted IgG formation may represent a 
general mechanism for rapid responses to 
the GPI-anchored surface antigens of vari- 
ous pathogens. The native CS protein ap- 
pears to be more immunogenic than the 
recombinant version. Inoculation of as few 
as 10 4 nonreplicating irradiated SPZs (1 ng 
of native CS protein, assuming 10 6 copies 
per cell) is sufficient to elicit an antibody 
response comparable to that obtained with 1 to 
10 u,g of recCS. The rapid responses of NKT 
cells in vivo (2) and a relatively high precursor 
frequency of antigen-specific NKT cells may 
contribute to this phenomenon. Thus, con- 
sistent with the "danger model" of patho- 
gen-initiated immune responses (2 J), CD1- 
restricted immunity may be intermediate 
between the innate "pattern recognition" 
and adaptive immune systems. MHC-re- 
stricted nonresponsiveness to malarial sur- 
face antigens has been proposed to be a 
major obstacle to the development of vac- 
cines (24), Because both human and murine 
CD1 molecules are relatively nonpolymor- 
phic, GPI anchors may provide universal T 
cell sites, overcoming MHC restriction in 
antibody responses to various pathogens- 
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Grassland Vegetation Changes 
and Nocturnal Global Warming 

Richard D. A l ward,* James K. Detling, Daniel C. Milchunas 

Global minimum temperatures (T M|N ) are increasing faster than maximum 
temperatures, but the ecological consequences of this are largely unexplored. 
Long-term data sets from the shortgrass steppe were used to identify corre- 
lations between 7 M)N and several vegetation variables. This ecosystem is po- 
tentially sensitive to increases in r MtN . Most notably, increased spring 7 MlN was 
correlated with decreased net primary production by the dominant C 4 grass 
(Boutetoua gracilis) and with increased abundance and production by exotic and 
native C 3 forbs. Reductions in B. gracilis may make this system more vulnerable 
to invasion by exotic species and less tolerant of drought and grazing. 



There is general consensus that there is an 
anthropogenic wanning signal in the long- 
term climate record (7). Over land, this is 
primarily due to average annual minimum 
temperatures (T MW ) having increased at 
twice the rate of maximum temperatures 
(T MAX ) (7, 2). At the global scale, these 
increases in 7 MrN are related to increases in 
global cloudiness (7, 3). Experiments with 
agricultural plants and insect pests suggest 
important roles for 7* M1N in influencing plant 
and insect development (4, 5). However, 
there has been little research on the conse- 
quences of elevated T MIN for natural ecosys- 
tems (6, 7). If elevated r MIN leads to longer 
growing seasons, net primary production 
and carbon sequestration may increase as a 
consequence (8). However, the opposite 
may occur if elevated T MM leads to in- 
creased plant and microbial nocturnal 
respiration rates without a compensatory 
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increase in photosynthesis. Additionally, 
elevated T Mm could shift competitive in- 
teractions among C 3 (cool-season) and C 4 
(warm-season) plants. 

It is important to identify features of eco- 
systems that are sensitive to changes in T MW . 
To date, most modeling efforts and experi- 
mental manipulations investigating ecosys- 
tem responses to climate change have as- 
sumed that future warming will occur primar- 
ily during the day or uniformly over the 
diumal cycle. This assumption clearly is 
not valid on a global level nor at most 
regional scales (2). Furthermore, there is no 
a priori reason to assume that ecosystems 
will respond similarly to changes in r MIN 
and T MAX . To investigate potential ecolog- 



rats (77). Harvests at time of peak standing 
crop were used as estimates of ANPP (72, 
13). Plants in the shortgrass steppe are 
commonly water-limited, and variation in 
precipitation could obscure plant responses to 
gradually changing temperatures (P, 14). 
Therefore, we included annual and seasonal 
precipitation totals, in addition to annual and 
seasonal minimum and maximum tempera- 
tures, as variables for stepwise regression 
mode! selection (75). We constructed linear 
models to evaluate significant correlations 
between these variables and ANPP or plant 
species density {16). 

Mean annual temperatures (T A ^) have 
increased by an average of 0.1 2°C year" 1 at 
this site since 1964 (P = 0.0001, R z = 0.52). 
During this period, T MAX increased 0.085°C 
year 1 (Fig. 1A), whereas r MIN increased 
0.1 5°C year 1 (Fig. IB). We limited further 
analyses of temperature to the period begin- 
ning in 1970, when standardized monitoring 
of vegetation density was initiated. Since 
1970, 7 AVE has risen over 1.3°C, largely due 
to a significant increase in T MIN of 0.1 2°C 
year 1 (P = 0.003; R 2 = 0.44). However, 
there was no significant trend for T MAX (P = 
0.49). Averages of seasonal minimum tem- 
peratures since 1970 also exhibited signifi- 
cant warming, with similar trends in winter 
(0.17°C year 1 , P = 0.0013, R 2 = 0.40), 
spring (0.16°C year 1 , P = 0.0007, R 2 = 
0.43), and summer T MM (0.1 2°C year 1 , P = 
0.004, R 2 = 0.33). No significant trends were 



ical consequences of elevated T MIN , we detected in fall 7* MIN (P = 0.64, R 2 = 0.01). 



examined a 23-year data set for correlations 
between temperature [T Mm , 7 MAX , and 
mean annual temperature (T AVE ) (T AVn = 

(^min + ^maxV 2 )] and botn tne abundance 
and aboveground net primary productivity 
(ANPP) of several key plant species and 
functional groups found at the Central 
Plains Experimental Range (P) in north- 
eastern Colorado. 

We identified seasonal and annual trends 
m ^mjn an ^ T MAX to determine whether 
asymmetric diumal temperature increases 
held true for this site (JO). The densities of 
most species were determined by counting all 
individuals within permanently marked quad- 



Annual precipitation (Fig. 1C) varied from 
230 to 480 mm and has also exhibited a 
significant linear increase since 1970 (6 mm 
year 1 , P = 0.007, R 2 = 0.30). However, 
there were no significant correlations be- 
tween annual or seasonal 7 MIN and annual or 
seasonal precipitation (P > 0.1). 

Since 1983 (72), ANPP of Bouteloua gra- 
cilis, the dominant C 4 grass of the shortgrass 
steppe, declined over time (-1 2.2 g m~ 2 year 1 ; 
P = 0.002; R 2 = 0.78), and was negatively 
correlated with average spring T MW (Fig. 2A). 
ANPP of the most abundant C 3 forb, Sphaer- 
alcea coccinea, was negatively correlated with 
winter T MIN (Fig. 2B). In contrast, ANPP of 



O 

o 

CM 
CD 



c 
o 

O) 

k_ 

o 
6> 

CO 

E 

CD 
O 

c 

CD 

O 
CO 



E 

o 
i_ 
m— 

"D 
CD 

"O 
Cti 

_o 
c 

o 
Q 



www.sciencemag.org SCIENCE VOL 283 8 JANUARY 1999 



229 



Immunity, Vol. 18, 391-402, March, 2003, Copyright ©2003 by Cell Press 



Regulation of Murine Cerebral Malaria 
Pathogenesis by C Did- Restricted NKT Cells 
and the Natural Killer Complex 



Diana S. Hansen, 1 * Mary-Anne Siomos, 1 
Lynn Buckingham/ Anthony A. Scalzo, 2 
and Louis Schofield 1 
'The Walter and Eliza Hall Institute 

of Medical Research 
1 G Royal Parade 
Parkville, Victoria 3050 
2 Department of Microbiology 
University of Western Australia 
Nedlands, Western Australia 6907 
Australia 



Summary 

NKT cells are specialized cells coexpressing NK and 
T cell receptors. Upon activation they rapidly produce 
high levels of interferon- y (IFN-y) and interleukin-4 
(IL-4) and are therefore postulated to influence T H 1/ 
Th2 immune responses. The precise role of the CD1/ 
NKT cell pathway in immune response to infection 
remains unclear. We show here that CD1d-restricted 
NKT cells from distinct genetic backgrounds differen- 
tially influence T h 1/Th2 polarization, proinflammatory 
cytokine levels, pathogenesis, and fatality in the P. 
berghei AA/KA/rodent model of cerebral malaria. The 
functional properties of CD1d-restricted NKT cells 
vary according to expression of loci of the natural killer 
complex (NKC) located on mouse chromosome 6, 
which is shown here to be a significant genetic deter- 
minant of murine malarial fatalities. 

Introduction 

About 2.5 million people die of severe Plasmodium falci- 
parum malaria every year (World Health Organization, 
1 992). These fatalities are associated with a spectrum 
of discrete and overlapping disease syndromes of com- 
plex etiologies. Humans affected by malaria may suffer 
systemic, single-, or multi-organ involvement, including 
acute respiratory distress, coagulopathy, shock, meta- 
bolic acidosis, hypoglycemia, renal failure, pulmonary 
edema, and cerebral involvement including seizures and 
coma (White and Ho, 1 992). Basic mechanisms control- 
ling these processes are thought to be the site-specific 
localization of parasites by adherence to vascular endo- 
thelial markers such as the adhesin ICAM-1 (Berendt 
et al., 1 989) and both local and systemic inflammatory 
responses arising from the action of cytokines. 

Plasmodium berghei ANKA murine malaria has many 
features in common with the human disease and is thus 
an accepted model for certain important aspects of cli- 
nical malaria (Miller et al., 2002). It manifests a cyto- 
kine-dependent encephalopathy associated with up- 
regulation of adhesins on the cerebral microvascular 
endothelium and attendant neurological complications 
(Grau et al., 1987, 1989; Jennings et al., 1997). Particu- 

"Correspondence: hansen@wehi.edu.au 



larty in the developmental stages, the murine disease is 
accepted to reflect the cytokine-dependent inflamma- 
tory cascade contributing to cerebral and systemic 
involvement in humans. In the P. berghei ANKA cerebral 
malaria syndrome, causal roles for tumor necrosis fac- 
tor-a (TNF-a) and I FN -7 in disease promotion have been 
established experimentally. Fatalities are abolished by 
passive transfer of monoclonal antibodies to IFN-7 (Grau 
et al., 1 989) and polyclonal anti-TNF-a (Grau et al., 1 987). 
Mutant mice lacking TNFa/0 (Rudin et al., 1997a), 
lymphotoxin-ot (LT-a) (Engwerda et al., 2002), IFN-y 
(Rudin et al., 1997b), and TNF-receptor-2 (Lucas et al., 
1997) have also been described as being resistant to 
disease. C57BL6 mice, genetically predisposed toward 
T H 1 -dominated responses (Scott et al., 1 989), are sus- 
ceptible to the murine cerebral malaria syndrome, 
whereas BALB/c mice, with a genetically determined 
bias toward T H 2 responses (Scott et al., 1 989), are resis- 
tant (de Kossodo and Grau, 1 993). Thus, susceptibility 
to experimental cerebral malaria in mice is dependent 
on the production of proinflammatory and counterregu- 
latory cytokines by T cells and the innate immune system 
(de Kossodo and Grau, 1993; Grau et al., 1986). 

Because cytokine levels become elevated systemi- 
cally very early during infection with P. berghei, it is 
reasonable to propose that nonconventional lymphoid 
populations capable of acting with accelerated kinetics 
may be the source of rapid and high level cytokine output 
involved in controlling pathology. The identity of such 
lymphoid sources, however, remains unclear. CD1d- 
restricted NKT cells are a novel T cell lineage with un- 
usual features (Arase et al., 1 992). Upon antigen-specific 
or polyclonal stimulation through the TCR, CD1d- 
restricted NKT cells produce large amounts of IL-4 and 
IFN-7 with rapid kinetics (Yoshimoto and Paul, 1994). 
They have therefore been postulated to influence T H 1/ 
T H 2 differentiation of the acquired immune system (Por- 
celli, 1995). However, there is little evidence to date 
in support of this important proposition. Indeed, the 
functional significance of the CD1/NKT cell pathway in 
the immune response to infection is still controversial, 
as there are few reports to date of clear function for this 
population in infection models. CD1 d-restricted NKT 
cells have been described to have a role in resistance 
to Toxoplasma gondii (Denkers et al., 1996) and Leish- 
mania major (Ishikawa et al., 2000), and to increase 
susceptibility to Salmonella (Naiki et al., 1 999) and Liste- 
ria monocytogenes (Emoto et al., 1995). In this study 
we sought to investigate the role of CD1 -restricted NKT 
cells in the inflammatory cascade leading to P. berghei- 
mediated cerebral malaria. We found that the CD1 d/NKT 
cell pathway differentially regulates T H 1 /T H 2 polarization, 
malarial pathogenesis, and fatality according to the ge- 
netic background of the host. We further show that the 
natural killer complex (NKC) located on mouse chromo- 
some 6 also regulates NKT cell function, malarial patho- 
genesis, and fatality. These loci account in part for the 
differential susceptibility of C57BL6 and BALB/c mice 
to the P. berghei cerebral malaria syndrome. 
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Figure 1. CD1 d-Restricted NKT Cells Partially Control Resistance and Susceptibility of Mice to Experimental Cerebral Malaria 
WT (closed circles) or mutant mice (open circles) were infected with P. berghei ANKA. The percentage survival of BALB/c and CD1 ~'~ BALB/c 
mice (A), C57BL6 and CD1 - /_ C57BL6 mice (B), and C57BL6 and Ja281 C57BL6 mice (C) was monitored daily. Parasitemia of BALB/c and 
CD1 " /_ BALB/c mice (D), C57BL6 and CD1 C57BL6 mice (E), and C57BL6 and Ja281 C57BL6 mice (F) was assessed from Giemsa- 
stained blood films. Each point represents the mean parasitemia ±SE of the surviving animals. Each infection is representative of at least 
four separate experiments, p < 0.02, < 0.03, and < 0.05 for (A), (B), and (C), respectively, by Cox-Mantel logrank transformation. (G) Histological 
examination of brains from C57BL6 WT (left panel), CD1 ~'~ BALB/c (center panel), and BALB/c WT mice (right panel) infected with P. berghei. 
Magnification, X400. 



Results 

The CD1d/NKT Cell Pathway Partially Controls 
Resistance and Susceptibility of Mice 
to Experimental Cerebral Malaria 
To investigate the contribution of CD1 d-restricted NKT 
cells to the pathogenesis of experimental cerebral ma- 
laria, mice lacking CD1 .1 and CD1 .2 (CD1 -y- ) on both 
the disease-resistant BALB/c and disease-susceptible 
C57BL6 backgrounds, and wild-type (WT) controls, were 
challenged with P. berghei ANKA, and the course of 
disease was monitored. Unlike BALB/c WT mice, 
BALB/c CD1 *'•* mice developed cerebral malaria (p < 
0.02), and 60% of the animals died between days 7 to 
10 postinfection (p.i.) (Figure 1A). This CD1d deficiency 
associated with increased susceptibility to disease sug- 
gests that in BALB/c mice the CD1/NKT pathway pro- 
vides protection against cerebral malaria. In marked 
contrast, CD1 d-restricted NKT cells appear to play a 
modest role in promoting disease in C57BL6 mice, as 
lack of CD1 partially but significantly (p < 0.03) protected 



against cerebral malaria in this genetic background (Fig- 
ure 1 B). C57BL6 Ja281 ~'~ mice lack the invariant Va1 4 
T cell receptor (TCR) chain and therefore are specifically 
deficient in V«14 + NKT ceils (Cui et al., 1997). When 
these mice were challenged with P. berghei ANKA, they 
also showed a significant (p < 0.05) delay in the disease 
onset compared to WT controls (Figure 1 C), validating 
the observations in an independent mutant system and 
demonstrating a role for the Va14 + NKT population in 
promoting the disease susceptibility of C57BL6 mice. 
Parasitemia levels were not affected by deletion of CD1 
or Ja281 in either genetic background (Figures 1 D-1 F). 
Therefore, control of malarial fatalities by CD1 d- 
restricted NKT cells does not operate through effects 
on parasite growth rates. 

The diagnoses of cerebral malaria were confirmed by 
histological examination of brains taken at various times 
p.i. Mice dying of cerebral syndrome displayed typical 
pathology including high levels of vascular occlusion 
with both parasitized erythrocytes and macrophages 
(Figure 1 G). This pathology was particularly pronounced 
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Figure 2. CD1d-Restricted NKT Cells Significantly Control Produc- 
tion of Proinflammatory Cytokines In Vivo in P. oerghe/'-lnduced 
Cerebral Malaria 

BALB/c (A and C) and C57BL6 (B and D) mice were infected with 
P. berghei ANKA. IFN-7 (A and B) and TNF-a (C and D) levels in 
sera collected at different time points postinfection from WT (closed 
circles) or CD1 ~'~ (open circles) mice were measured by capture 
EL IS A. Each experiment is representative of at least three separate 
infections. Each point represents the mean ±SE. * p < 0.05, ** p < 
0.01 between WT and CD1 -/ " mice. 



in C57BL6 mice and was also present, although with 
reduced severity, in BALB/c CD1~'~ animals. BALB/c 
WT mice in contrast showed absent or very much re- 
duced vascular occlusion despite similar parasite bur- 
dens (Figure 1G). Thus, the presence and severity of 
histological markers of cerebral disease correlate well 
with the overall fatality rates in these groups. 

The CD1d/NKT Cell Pathway Controls Production 
of Proinflammatory Cytokines In Vivo 
in Murine Cerebral Malaria 

TNF-a and IFN-7 are two proinflammatory cytokines as- 
sociated with the development of murine cerebral ma- 
laria (Grau et al., 1987, 1989). To study whether CD1d- 
restricted NKT cells regulate the serum levels of these 
two cytokines in experimental cerebral malaria, sera 
were collected from BALB/c and C57BL6 WT or CD1 ~ / ~ 
mice at different time points p.i., and the cytokine levels 
were assessed by capture ELISA. Disease-resistant 
BALB/c WT mice had negligible levels of serum TNF-a 
and I FN -7 throughout the course of infection (Figures 
2A and 2C). In contrast, TNF-a and IFN-7 levels were 
significantly higher in more susceptible BALB/c CD1 
mice at day 5 p.i. (Figures 2A and 2C). IFN-y was lower 
in the more resistant CD1 _/ " C57BL6 as compared with 
fully susceptible WT C57BL6 mice (Figure 2B). Although 
showing a trend to reduced TNF-a levels in CD1~'~ 
C57BL6 mice, these results were not significantly differ- 
ent (Figure 2D). Thus, CD1 d-restricted NKT cells appear 
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Figure 3. The CD1/NKT Pathway Influences the T M 1 /T H 2 Polarization 
in Response to Malaria 

CD4 + T cells from P. berghei ANKA-infected BALB/c WT {closed 
circles) or CD1 ~'~ (open circles) mice were stimulated for 3 days 
with P. berghei ANKA totaJ lysate (A, C, and E) or anti-CD3 (B, D, 
and F). Cells from WT {closed triangles) and CD1 -/ ~ animals (open 
triangles) were cultured in medium alone as background controls. 
Cell proliferation was determined by [methyl-^-thymidine incorpo- 
ration (A and B), and I FN -7 (C and D) and IL-4 (E and F) levels 
in cell culture supernatant by capture ELISA. Each experiment is 
representative of at least three separate infections. Each point repre- 
sents the mean of three samples ±SE. * p < 0.05, ** p < 0.01 , *** 
p < 0.005 between stimulated cells from WT and CD1 ~'~ mice. 

to regulate systemic levels of two proinflammatory cyto- 
kines associated with murine malarial pathogenesis, 
with opposing activities depending on the genetic back- 
ground of the host. 

The CD1d/NKT Cell Pathway Controls the T H 1/T„2 
Balance in Response to Malarial Infection 
Based on rapid and high output of IL-4 and IFN-7, the 
CD1/NKT pathway has been proposed to influence the 
regulation of T H 1/T H 2 immune responses (Porcelli, 1995). 
To investigate whether the differential susceptibility to 
cerebral malaria in BALB/c and C57BL6 mice reflected 
the ability of CD1 d-restricted NKT cells to influence the 
T H 1/T H 2 balance in response to infection, we examined 
cytokine production by CD4+ celts isolated from in- 
fected WT and CD1 ~'~ mice. At early stages of the infec- 
tion, CD4 + cells from mice with increased susceptibility 
to disease, such as CD1 _/ ~ BALB/c, proliferated strongly 
in response to parasite antigen (Figure 3A) whereas 
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CD4 + cells from WT mice did not proliferate above back- 
ground controls. CD4 + cells from CD1 ~'~ mice secreted 
significantly higher levels of \FH-y at day 3 p.i. (Figure 
3C) compared with disease-resistant BALB/c WT con- 
trols. No significant differences between BALB/c WT or 
CD1 ~'~ mice were detected in the parasite-specific IL-4 
production (Figure 3E). After day 7 postinfection, the 
parasite-induced cell death among antigen-specific 
lymphocytes reported previously (Hirunpetcharat and 
Good, 1 998) results in a depleted and apparently anergic 
T cell response, and antigen-specific cytokine and pro- 
liferative responses become difficult to elicit in vitro. 

To investigate the impact of CD1 d-restricted NKT 
cells on global T cell responses, CD4 + cells from BALB/c 
WT and CD1~'~ mice were stimulated with anti-CD3 
antibody. Proliferative responses decreased as the in- 
fection developed (Figure 3B), indicating progressive T 
cell anergy associated with malaria infection. CD4 + cells 
from both WT and CD1 "'" BALB/c mice produced high 
levels of IFN-7 in response to anti-CD3 antibody during 
the initial stages of the infection. From day 7 onward, 
IFN-7 levels decreased in BALB/c WT but remained high 
in CD1 ~'~ mice (Figure 3D). In contrast, IL-4 production 
was initially down regulated but markedly increased from 
day 7 postinfection, demonstrating a switch from T H 1 to 
T H 2 immune response in BALB/c WT mice. This initial 
downregulation during early time points followed by re- 
covery of IL-4 production was a reproducible feature of 
infection in several replicate experiments. Interestingly, 
in the more susceptible BALB/c CD1~'~ mice, IFN-7 
production was not downregulated, and no switch to 
IL-4 production was observed (Figures 3D and 3F), indi- 
cating that BALB/c CD1 d-restricted NKT cells provide 
help for the development of T H 2 immune responses. 

In contrast to BALB/c mice, CD1 d-restricted NKT cells 
promote both proliferative responses and IFN-7 produc- 
tion in WT C57BL6 mice, as partially protected C57BL6 
CD1 ~'~ mice showed reduced antigen-specific (Figure 
4A) as well as anti-CD3 mediated (Figure 4B) proliferative 
responses and reduced IFN-7 levels at early time-points 
p.i. compared to WT animals (Figures 4C and 4D). No 
significant differences in IL-4 output were found be- 
tween CD4 + cells from C57BL6 WT or CD1 _ '~ mice (Fig- 
ures 4E and 4F). 
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Figure 4. The CD1 /NKT Pathway Influences the T M 1 /Th2 Polarization 
in Response to Malaria 

CD4 + T cells from P. berghei ANKA-infected C57BL6 WT {closed 
circles) or CD1 ~'~ {open circles) mice were stimulated for 3 days 
with R berghei ANKA total lysate (A, C, and E) or anti-CD3 (B, D, 
and F). Cells from WT (closed triangles) and CD1 ~'~ animals (open 
triangles) were cultured in medium alone as background controls. 
Cell proliferation was determined by [m ethyl - 3 H]-thymidine incorpo- 
ration (A and B), and IFN-y (C and D), and IL-4 (E and F) levels 
in cell culture supernatant by capture ELISA. Each experiment is 
representative of at least three separate infections. Each point repre- 
sents the mean of three samples ±SE. * p < 0.01, ** p < 0.005 
between stimulated cells from WT and CD1 "'" mice. 



Control of Malarial Pathogenesis by the Natural 
Killer Complex 

Figures 1-4 indicate that the regulatory role of CD1- 
restricted NKT cells differs markedly between BALB/c 
and C57BL6 mice. Both NK and NKT cells from C57BL6 
and BALB/c mice are known to differ in expression of 
loci encoded by the NKC (Scalzo et al., 1999). Located 
on mouse chromosome 6, the NKC comprises several 
genes (e.g., Cd69 and Cd94) and multigene families 
{Nkrpl, Nkg2, and Ly49) involved in the activation and 
inhibition of NK cells. All NKC genes described so far 
encode type II integral membrane proteins with C-lectin 
domains having inhibitory or activation activity on cyto- 
kine production depending on the presence or absence 
of immunoreceptor tyrosine-based inhibitory motifs in 
their intracellular domains. Therefore, NKC products are 
candidate regulators of malarial pathogenesis. To study 
whether the NKC genotype can influence the suscepti- 



bility to cerebral malaria we made use of NKC homozy- 
gous congenic BALB.B6-Cmv1 r mice, in which the re- 
gion of chromosome 6 containing the NKC from C57BL6 
has been introduced onto the BALB/c background (Fig- 
ure 5C). We also utilized the reverse congenic B6.BALB- 
Cmv1 5 mice, in which C57BL6 background animals bear 
a 1 .5 cM region expressing the NKC of BALB/c mice 
(Scalzo et al., 1995, 1999). Unlike BALB/c WT mice, 
BALB.B6-CmvT congenic animals which express the 
C57BL6 NKC developed cerebral malaria, and 50% of 
the animals died between days 7 and 9 p.i. In contrast, 
B6.BALB-Cmv1 s mice were partially protected against 
disease compared to C57BL6 WT mice (Figures 5A and 
5B). Parasitemia levels were not significantly different 
between WT and congenic mice (data not shown). In 
addition, histological examination of brains taken from 
BALB.B6-Cmv1 f animals revealed a typical histological 
profile consisting of cerebral vasculature occluded with 
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Figure 5. Control of Malarial Pathogenesis by the NKC 

(A and B) Groups of 10-12 BALB/c, C57BL6, BALB.B6-Cmv1' f and B6.BALB-Cmv1* mice were infected with P. berghei ANKA. The percentage 
survival was monitored daily. 

(C) Map of the distal region of mouse chromosome 6 in the BALB.B6-Cmv1 ' mouse strain. The region inherited by the congenic mice from 
the C57BL6 background is indicated in gray. 

(D) BALB.B6-CmvV mice were depleted of NK cells by i.v injection with anti-asialo GM1 antibody. NK cell depletion was confirmed by FACS. 

(E) Groups of ten anti-asialo GM1 -treated and control BALB.B6-CmvV mice were infected with P. berghei ANKA and percentage survival was 
monitored daily. 

(F) BALB/c mice were injected i.v. with 6.5 x 10 s CD44 + Vp8 + cells (sorted as shown in Figure 7A) from malaria-infected BALB.B6-Cmv1 ' 
animals, and BALB.B6-Cmv1 r mice received CD44 + V08 + cells from malaria-infected BALB/c wild-types. Adoptively transferred mice- and 
controls were then challenged with P. berghei ANKA. The percentage survival was monitored daily. 



both parasitized erythrocytes and macrophages as 
found previously in BALB/c CD1~'~ mice (data not 
shown). Thus, the NKC is a significant determinant of 
murine cerebral malaria and, in common with the CD1 d/ 
NKT pathway, imparts either protective or disease- 
enhancing properties depending on genotype. 

NKC loci are expressed on NK cells as well as NKT 
cells. To determine which population was responsible 
for mediating NKC-dependent regulation of malarial 
pathogenesis, BALB.B6-CmvT mice were treated with 
anti-asialoGM1 antibody, known specifically to deplete 



NK cells without affecting NKT cells (Smyth et al„ 2001). 
Depletion of NK cells in BALB.B6-Cmv1 f mice, con- 
firmed by FACS analysis (Figure 5D), did not reverse 
their increased susceptibility to cerebral malaria (p > 
0.38) (Figure 5E). To further investigate whether the ex- 
pression of NKC markers influences the regulation of 
malarial pathogenesis by NKT cells, CD44 + V£8+ NKT 
cells from BALB.B6-Cmv1 ' or BALB/c infected donors 
(purified by FACS sorting) were adoptively transferred 
into naive recipient mice. CD44 + Vp8 + cells from 
BALB.B6-Cmv1 r mice transferred into BALB/c recipients 
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Figure 6. Expansion of Splenic NKT Cells in Response to P. berghei ANKA Infection 

(A) Spleen cells from naive or infected BALB/c and BALB.B6-Cmv1 r mice were stained with anti-CD44 and anti-VpBTCR antibodies (top and 
center panels). BALB.B6-Cmv1 r splenocytes were also stained with anti-NK1.1 and anti-TCRap antibodies (bottom panel). 

(B) BALB.B6-CmvV splenocytes were stained with CDtd a-GalCer tetramer and anti-TCRap antibodies. The expression of NK1.1 + cells was 
analyzed in the double-positive population indicated. 

(C and D) BALB.B6-Cmv1 r splenocytes were stained with anti-NK1.1 and anti-TCRap antibodies (C) or with anti-CD44 and anti-VpBTCR 
antibodies (D). The expression of U52A-13, CD4, CD8, and CD4/CD8 positive cells was analyzed in the double-positive populations (shaded 
histograms). Empty histograms represent staining in gated NK1.1* or V08~ T cells. 

(E) The absolute number a-GalCer tetramer 4 -TCRafJ* and NK1.1 + TCRap + or CD44 + Vp8 + subsets in the spleens of malaria infected or naive 
BALB.B6-Cmv1 r mice. Each bar represents the mean of three to five mice ±SE. * p < 0.05, ~ p < 0.005 between cells from infected mice 
and controls. 



increased their susceptibility to P. berg/je/'-mediated ce- 
rebral malaria (Figure 5F). In contrast, CD44 + V(S8 + cells 
from malaria-infected BALB/c mice were able to transfer 
partial resistance to BALB.B6-CmvT animals (Figure 
5F). As predicted, the reversal of phenotypes was partial, 
due possibly to the competing contribution of resident 
NKT cells in recipients. Thus, NKC expression on NKT 
cells may be responsible for the increased susceptibility 
to disease of BALB.B6-CmvT mice. 

A Heterogeneous NK1.1+ apTCFT Population 
Expands in Response to P. berghei Infection 
We sought to determine whether NKT cells were ex- 
panded in response to P. berghei infection. Figure 6A 
shows a 70% and 100% increase in the percentage of 
VR8 + CD44 + cells in the spleens of BALB/c and 
BALB.B6-Cmv1 ' mice, respectively, at day 3 p.i. The 
percentage of NK1 .1 + aRTCR + cells increased greatly in 



the spleens of infected BALB.B6-Cmv1 ' mice (to 1 0.6%) 
compared to noninfected (2.9%) control animals (Figure 
6A) reaching a peak at day 5 p.i. To undertake further 
phenotyping, splenocytes from BALB.B6-Cmv1 f naive 
and infected (day 5 p.i.) mice were stained with various 
antibodies and with CD1d a-GaJactosylceramide 
(a-GalCer) tetramers. The absolute number of CD1d 
a-GalCer tetramer 4 af3TCR + NKT cells doubled in re- 
sponse to malarial infection (Figure 6E). The relative 
proportion of + apTCR + CD1d a-GalCer tetramer* cells, 
however, did not change in spleens of infected mice 
compared to controls (Figure 6B). Interestingly, although 
splenic CD1d a-GalCer tetramer + cells were expanded, 
the proportion of these cells that were NK1.1 + was 
slightly reduced in infected animals (Figure 6B). We also 
gated NK1.1 + aRTCR + (Figure 6C) or VR8 + CD44 + cells 
(Figure 6D) from naive and infected BALB.B6-Cmv1 r 
mice (day 5 p.i) and examined expression of the pan NK- 
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NKT cell marker U5A2-13, CD4, and CD8. The relative 
proportions of U5A2-13+ (60%-80%),CD4 + (60%-70%), 
and DN cells (20%-30%) were similar in spleens from 
naive and infected mice (Figures 6C and 6D). However, 
the absolute number of these NKT cell subsets substan- 
tially increased in response to infection (Figure 6E). Both 
the percentage and absolute number of CD8 + cells 
among the NK1.1 + apTCR + and Vp8 + CD44 + cells were 
significantly higher in infected compared to noninfected 
control mice (Figures 6C-6E), although this expansion 
was not alone sufficient to account for the absolute 
increase in these populations. CD8 T cells, carrying the 
TCR V(58 + , have been previously described to expand 
in response to malaria infection (Boubou et al., 1999). 
Taken together, these results indicate that a heteroge- 
neous NK1.1 + a(STCR + population including conven- 
tional and nonconventional NKT cells as well as CD8 T 
lymphocytes expands in response to malaria infection. 

The NKC Phenotype Influences the Capacity 
of NKT Cells to Secrete Cytokines 
To determine whether NKC phenotype can directly influ- 
ence the capacity of NKT cells to secrete cytokines, 
V(58 + CD44 + NKT cells were isolated by FACS sorting 
from splenocytes of BALB/c, C57BL6, and BALB.B6- 
CmvV mice (Figure 7A). The cells were then stimulated 
for 4 days with plate-bound anti-CD3 or anti-NK1 .1 anti- 
bodies. When sorted V08 + CD44 + cells were cultured 
with anti-CD3, they secreted high levels of both IL-4 and 
IFN-7 (Figures 7B and 7C). Stimulation with anti-NK1.1 
antibody induced only IFN-7 production but no IL-4 in 
NKT cells from C57BL6 and BALB.B6-Cmv1 r mice (Fig- 
ures 7B and 7C). Thus, stimulation through the TCR 
results in comparable levels of both IFN-7 and IL-4 out- 
put in BALB/c and C57BL6 mice. However, activation of 
NKC receptors such as NK1 .1 expressed in the C57BL6 
background preferentially induces IFN-7 production. 

To investigate whether the NKC phenotype also influ- 
ences the ability of NKT cells to secrete cytokines in 
response to malaria infection, sorted Vp8 + CD44 + (Fig- 
ure 7A) cells from P. berghe/'-infected BALB/c and 
BALB.B6-Cmv1 r mice were stimulated with a-GalCer, 
and proliferative responses and IL-4 and IFN-7 produc- 
tion were analyzed. Vp8 + CD44 + cells from both BALB/c 
and BALB.B6-Cnw1 r mice proliferated in response to 
a-GaJCer, confirming the presence of Va14 + NKT cells 
within that population (Figure 7D). In both mouse strains, 
cell proliferation decreases as the infection develops, 
suggesting that CD1 d-restricted NKT cells do not evade 
the progressive T cell anergy associated with malaria 
infection. Like cell proliferation, cytokine output gradu- 
ally decreases in response to infection. a-GalCer- stimu- 
lated NKT cells from both infected BALB/c and 
BALB.B6-Cmv1 r mice produced similar levels of IL-4 
(Figure 7E). By days 7 and 1 0 p.i., however, BALB/c NKT 
cells cease IFN-7 production almost entirely. In contrast, 
NKT cells from BALB.B6-Cmv*T mice continued to se- 
crete around 15 times more IFN-7 than NKT cell from 
BALB/c mice (Figure 7F). The ex vivo cytokine produc- 
tion by NKT cells from infected mice was also analyzed. 
To that end, splenocytes from infected mice were 
stained with anti-CD44 and anti-V[58 f and intracellu- 
lar IL-4 and IFN-7 were analyzed by FACS on gated 



CD44 + V(*8\ CD44 + Vp8 + cells from BALB.B6-Cmv1 r 
mice displayed nearly three times higher IFN-7 levels 
than cells from BALB/c mice (Figure 7G). IL-4 responses 
were in general low, and no differences were found be- 
tween BALB/c and BALB.B6-Cmv1 ' mice. Similar results 
were obtained when intracellular cytokines were ana- 
lyzed on gated U5A2-13 + TCR + cells (data not shown). 
Thus, in malaria infection, expression of C57BL6 NKC 
markers predisposes NKT cells to increased IFN-7 pro- 
duction. These data are highly concordant with the prop- 
osition that differential expression of NKC loci may ac- 
count in part for the differential immunological behavior 
of the CD1/NKT cell pathway in C57BL6 and BALB/c 
mice. 

Discussion 

This study shows that CD1 d-restricted NKT cells influ- 
ence the T H 1/T H 2 balance, pathogenesis, and fatality in 
murine cerebral malaria, and cells from distinct genetic 
backgrounds appear to have opposing properties in this 
regard. The CD1/NKT cell pathway appears to favor 
the development of T H 2 polarization and resistance to 
cerebral malaria in BALB/c mice, and induces early 
IFN-7 production and promotes pathology in suscepti- 
ble C57BL6 animals. CD1 d-restricted NKT cells clearly 
influence the overall production of IFN-7 and TNF-a in 
vivo during malaria infection. The differential expression 
of molecules encoded by the NKC may account in part 
for the opposing roles of NKT cells in C57BL6 and 
BALB/c mice in response to P. berghei infection. Our 
data, moreover, indicate that the NKC is a significant 
genetic determinant of murine cerebral malaria, im- 
parting partial protection or susceptibility depending on 
genotype. 

Throughout this study, the most pronounced effects 
in relation to both CD1 d-restricted NKT cells and the 
NKC in protection against cerebral malaria were ob- 
served on the BALB/c background, compared with a 
smaller but significant and reproducible effect in pro- 
moting disease susceptibility and T H 1 responses in 
C57BL6 mice. This differential penetrance presumably 
reflects a relatively greater contribution by other suscep- 
tibility loci in the latter case, i.e., it seems likely that 
additional pathways or loci promote disease susceptibil- 
ity in C57BL6 mice. 

Previous studies in rodent malaria infections show 
that an initial T H 1 response switches after the first week 
to a T H 2 response (Langhorne et al., 1989; Taylor-Rob- 
inson et al., 1 993). The sequential onset of T H 1 -mediated 
cellular mechanisms and T H 2-mediated antibody re- 
sponses is proposed to be necessary for the immuno- 
logical control of Plasmodium blood stage infections. 
Our data indicate that a similar process occurs in P. 
oerghe/'-infected disease- resistant BALB/c mice and 
that this is regulated by CD1 d-restricted NKT cells. In 
this case, the switch from T H 1 to T H 2 immune responses 
may downregulate the strong proinflammatory response 
involved in the cerebral syndrome, explaining a protec- 
tive role against disease for CD1 d-restricted NKT cells 
in BALB/c mice. These findings from an infectious dis- 
ease are consistent with data from a T H 1 -driven autoim- 
mune condition, where adoptive transfer or overexpres- 
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Figure 7. The NKC Phenotype Influences the Capacity of NKT Cells to Secrete Cytokines 

(A) The Vp8 + CD44 + population of splenic NKT cells was purified by FACS sorting from splenocytes of BALB/c, C57BL6, and BALB.B6-CmvV 
mice. The purified NKT cells were stimulated for 4 days with plate-bound anti-CD3, anti-NK1 .1 , or medium alone. 

(B and C) IFN-7 (B) and IL-4 (C) levels were measured in cell culture supernatants by ELISA. Each bar represents the mean of three samples ±SE. 
* p < 0.05 between BALB/c and C57BL6 or BALB.B6-CmvV mice. 

(D-F) V£8 + CD44 + NKT cells from P. berghe/'-infected BALB/c and BALB.B6-Cmv1 ' mice were stimulated with a-GalCer for 4 days. Cell 
proliferation was determined by [methyl - 3 H]-thymi dine incorporation (D), and IL-4 (E) and IFN-7 (F) levels in cell culture supernatant by capture 
ELISA. Each bar represents the mean of three samples ±SE. * p < 0.05, ** p < 0.01, *** p < 0.005 between cells from a-GaJCer-stimulated 
BALB/c and BALB.B6-Cmv1 r mice. 

(G) Ex vivo cytokine production by NKT cells. Splenocytes from BALB/c and BALB.B6-Cmv1 r malaria infected-mice were stained with anti- 
CD44 and anti-Vp8TCR antibodies, and intracellular IL-4 or IFN-7 was analyzed by FACS. Representative histograms from cells gated on 
CD44 + V$8 + are shown. The dotted lines represent cytokine staining from infected mice (day 7), and the full lines show noninfected controls. 



sion of NKT cells in nonobese diabetic (NOD) mice 
protects against diabetes (Hammond et al. t 1998; Leh- 
uen et a!., 1998). Furthermore, defects in NKT cell num- 
ber and function occur in murine and human type I diabe- 



tes (Godfrey et at., 1 997; Wilson et al., 1 998), and CD1 ~ H 
NOD mice are more susceptible to the disease (Shi et 
al., 2001). 

Genetically determined resistance to murine cyto- 
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megalovims (MCMV) is controlled by a gene designated 
Cmv1 that regulates MCMV replication in the spleens 
of mice (Scalzo et ah, 1995). C57BL6 mice express the 
CmvV allele and are resistant to this condition whereas 
BALB/c mice express the CmvV allele and show high 
viral titers. Generation of congenic mouse strains has 
allowed the mapping of these alleles to the NKC located 
on the distal region of mouse chromosome 6. Recent 
studies show that CmvV maps to the NK activation re- 
ceptor Ly49H (Dokun et al., 2001). Molecules encoded 
by the NKC include different receptors involved in the 
activation or inhibition of NK cells. They are all type 
II integral proteins with C-lectin domains. The NK1.1 
alloantigen is an activation receptor. Its function is still 
unknown but it has been shown that stimulation with 
anti-NK1.1 antibody induces NK cell-mediated cytotox- 
icity and cytokine production (Karlhofer and Yokoyama, 
1991). Furthermore, this report and others (Arase et a!., 
1996) show that crosslinking of NK1.1 preferentially in- 
duces IFN-7 and no IL-4 production by CD1 d-restricted 
NKT cells, raising the possibility that carbohydrate rec- 
ognition by these cells is involved in upregulation of 
proinflammatory responses by a TCR-independent 
pathway. Other multigene families encoded within the 
NKC include Ly49 and NKG2 receptors. Protein prod- 
ucts encoded by these genes are responsible for the 
recognition of MHC class I molecules on potential target 
cells and subsequent inhibition or activation of cytotoxic 
activity (Lanier, 1998). Stimulation of activation recep- 
tors such as Ly49D (Mason et al., 2000) and Ly49H (Do- 
kun et al., 2001) leads to IFN-7 secretion. Moreover, a 
recent study demonstrated that a subset of NKT cells 
expressing high levels of NKG2d selectively produces 
IFN-7 and TNF-a (Gumperz et al., 2002). Together, this 
evidence suggests that expression of NKC markers on 
NKT cells might provide additional pathways for induc- 
tion of T H 1-like responses. 

Most malaria susceptibility/resistance loci described 
in humans are involved in the control of parasite replica- 
tion. In murine systems, a congenic study has defined 
a role for MHC loci in determining resistance to P. cha- 
baudi infection (Wunderiich et al., 1988). Quantitative 
trait locus (QTL) analyses on genome scans from murine 
intercrosses identify alleles on chromosomes 8 and 9 
{charl and char2) with 30%-40% penetrance in control- 
ling P. chabaudi replication (Foote et al., 1997; Fortin et 
al., 1997). The present study uses congenic mice to 
establish one or more NKC loci on mouse chromosome 
6 exerting 40%-50% penetrance in the control of P. 
oerg/ieZ-induced pathogenesis and fatality through 
mechanisms independent of parasite replication. The 
murine NKC and human syntenic regions constitute sig- 
nificant regulatory components of innate immunity, ex- 
hibiting a high level of functional polymorphisms in both 
species. This evidence therefore allows formulation of 
the testable hypotheses that syntenic human chromo- 
somal regions corresponding to charl, char2, and the 
NKC may be associated with resistance or susceptibility 
to pathogenesis and fatalities in human malaria. 

Much useful evidence to date concerning NKT cell 
function in vivo is provided by the exogenous adminis- 
tration of a-GalCer (Kawano et al., 1997). However, this 
glycolipid antigen stimulates only through the TCR. P. 
berghei ANKA infection induces a generalized activation 



of the immune system and provides a framework 
allowing the characterization of the NKT cell function 
under physiological conditions. This model provides evi- 
dence that NKT cells can be stimulated by pathways 
other than the TCR and that the genetic background of 
the host influences the regulatory impact of NKT cells 
on the global immune response. Moreover, this study 
and other infection models including Leishmania major 
(Ishikawa et al., 2000), Hepatitis B virus (Baron et al., 
2002), Crytococcus neoformans (Kawakami et al., 2001 ), 
and Salmonella (Naiki et al., 1999) indicated that NKT 
cell populations become highly expanded in response 
to infection. In contrast, stimulation with glycolipids like 
ct-GalCer results in strong TCR-driven NKT cell activa- 
tion (Kawano et al., 1997), followed by massive NKT 
cell death and homeostatic replacement from the bone 
marrow (Ebert and MacDonald, 2000). It is therefore pos- 
sible that stimulation of NKT cells with physiological 
ligands expressed during viral, bacterial, or parasitic 
infections results in alternative or additional activation 
pathways. Studies aimed at identification and character- 
ization of NKT cell natural ligands are necessary to ad- 
dress this proposition. 

In addition to a-GalCer, CD1 d-restricted NKT cells 
recognize GPIs of parasite origin when these agents are 
supplied as exogenous antigens (Schofield et al., 1999) 
but not when expressed as endogenous ligands within 
the antigen-presenting cell (Molano et al., 2000). Malarial 
GPI comprises greater than 95% of plasmodial carbohy- 
drate, is the main posttranslational modification of para- 
site antigens (Gowda et al., 1997), and is therefore a 
reasonable candidate antigenic stimulus for NKT cells 
in malaria infection. NKT cells may be influenced toward 
a T H 2 polarized cytokine profile by immunization with 
a-GalCer (Burdin et al., 1999; Singh et al., 1999). These 
considerations raise the possibility of reducing suscepti- 
bility to severe malarial disease in human populations 
by immunomodulation via a T H 2-biased, CD1 -restricted 
glycolipid vaccine. 

Experimental Procedures 

Mice and Infections 

Eight- to twelve-week-old BALB/c, BALB/c CD1 _ '~ (F 10 generation 
[Smiley et al.. 1997]), C57BL6, C57BL6 CD1 ~'~ (F 6 generation [So- 
noda et aJ., 1 999J). C57BL6 Ja281 (F B generation [Cui et al., 1 997D, 
BALB.B6-Cmv1- r (F 6 generation [Scalzo et al., 1995]), and 
B6.BALBCmv1 -» (F 6 generation [Scalzo et al., 1999]) mice were used 
throughout the study. The BALB.B6-Cmv1 ~ r and B6.BALBCmv1 "* 
mice were backcrossed using speedy marker-assisted congenic 
mapping methods. Groups of 10-15 BALB/c WT, BALB/c CD1 - ' - , 
BALB.B6-Cmv1 ~ r , and B6.BALBCmv1 ** were injected i.p. with 1 x 
10 s , and C57B/6 WT, C57B/6 CD1 and Ja281 mice received 
1 x 10\ P. berghei ANKA-infected erythrocytes. In some experi- 
ments, mice were injected i.v. with 20 p.g of anti-asialo GM1 antibody 
{Wako, Osaka, Japan) 6 hr before challenge in order to deplete 
NK cells. NK cell depletion was confirmed by flow cytometry. For 
adoptive transfer experiments, mice were injected i.v. with 6.5 x 
1 0 5 CD44 + V£8 + cells purified from infected mice {day 7 p.i.) by FACS 
sorting as described below. Control mice received saline. Four hours 
later, adoptively transferred mice and controls were challenged with 
P. berghei ANKA. Parasitemia was assessed from Giemsa-stained 
smears of tail bipod prepared every 2-3 days. Mortality was checked 
daily. Mice were judged as developing cerebral malaria if they dis- 
played neurological signs such as ataxia, loss of reflex, and hemiple- 
gia, and died between days 6 to 1 2 postinfection with relatively low 
parasitemia. Statistical differences in mortality rates of groups of P. 
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berghei infected mice during this period of susceptibility to cerebral 
malaria were assessed by Cox-Mantel logrank analysis. All experi- 
ments were performed in comptiance with local Animal Ethics Com- 
mittee requirements. 

Histology 

For histological analysis of cerebral pathology, brains were taken 
into 10% neutral -buffered formalin, sectioned (5 p/n), and stained 
with hemotoxylin and eosin. Slides were coded and scored blind 
for histological evidence of cerebral syndrome. 

Lymphoproliferative Assays 

Spleen cells from BALB/c and C57BL6, WT and CD1 - /_ mice (n = 
3) were collected at different times postinfection with P. berghei 
ANKA. Splenic CD4 + celts were purified by positive selection with 
Dynabeads following the manufacturer's instructions {98%-99% pu- 
rity) (Dynal Biotech, Norway). For proliferation assays, CD4 + cells 
suspended in complete RPM1-1 640 medium, 5% fetal calf serum, 
were seeded in 96-weli plates at a density of 5 x 10 s cells/ml. 
Naive syngeneic spleen cells irradiated to 3000 rads were added 
as antigen-presenting cells at a density of 2 x 10 6 cells/ml. Cells 
were then stimulated in triplicate for 3 days with P. berghei ANKA 
total lysate (50 M-g/ml) or anti-CD3 (5 n-g/ml, Pharmingen, San Diego, 
CA). Cells cultured in medium alone were used as background con- 
trols. [Methyl- 3 H]-thymidine (2 M.Ci/well, 5 Ci/mmol, Amersham, UK) 
was added 16 hr before harvest, and radioactivity was measured 
in a betaplate counter. 

ELISA for IL-4, IFN-7, and TNF-a Detection 
The following pairs of antibodies were used: 11 B1 1 for capture and 
BVD6-24G2 for detection of IL-4; R4-6A2 for capture and XMG1-2 
for detection of IFN-^, and G281 -2626 for capture and MP6-XT3 for 
detection of TNF-a (all antibodies from Pharmingen, San Diego, 
CA). Antibodies used for detection were biotinylated. Ninety-six-well 
plates were coated with capture antibody by overnight incubation at 
4°C in phosphate buffer (pH 9) for IL-4 and IFN-7, and phosphate 
buffer (pH 6) for TNF-a. Plates were then blocked with 1 % BSA for 
1 hr at 37°C. Splenocyte culture supematants or sera from infected 
mice were tested in duplicate by overnight incubation at 4 C C under 
mild agitation. The plates were then incubated for 3 hr at 20°C with 
the respective biotinylated antibody followed by a 2 hr incubation 
at 20°C with streptavidin-peroxidase conjugate (Pierce, Rockford, 
IL). Bound complexes were detected by reaction with tetramethyl- 
benzidine (KBL, Garthersburg, MD) and H 2 0 3 . Absorbance was read 
at 450 nm. The cytokine concentration in samples was calculated 
as pg/ml using recombinant murine cytokines (Pharmingen, San 
Diego, CA) for the preparation of standard curves. 

Flow Cytometry 

Spleen cells from BALB/c and BALB.B6-Cmv1 mice were incu- 
bated with anti-CD1 6 antibody (Fc- block), washed, and stained with 
NK1 .1 -PE or FITC-conjugated together with anti-apTCR-FITC or 
CyChrome-conjugated antibodies for 1 hr on ice. NKT cells were 
also characterized by staining with anti-CD44-PE or CyChrome- 
conjugated and anti-V08 TCR-FITC-conjugated antibodies. In some 
experiments cells were stained with additional antibodies, i.e., FITC- 
or PE-conjugated anti-CD4, FITC-, or PE-conjugated anti-CD8, PE- 
conjugated U5A2-13 (all antibodies from Pharmingen, San Diego, 
CA), and CD1d a-GalCer tetramer (kind gift of Dr. M. Kronenberg). 
The cells were then washed two times with PBS containing 1 % FCS 
and suspended in 200 of PBS. For intracellular cytokine staining, 
spleen cells from infected mice were incubated with Fc-block, 
washed, and stained with surface markers as described above. The 
cells were fixed and permeabifized with Citofix/Citoperm (Phar- 
mingen, San Diego, CA), and incubated with anti-IFN-^-FITC or 
anti-IL-4-PE conjugated antibodies. Appropriate isotype- matched 
controls were included. The stained cells were then analyzed by 
FACScan. Dead cells were gated out by forward and side scatter. 

Purification and Stimulation of Splenic NKT Cells 
Spleen cells from naive or P. toerg/ieMnfected BALB/c, C57BL6, 
and BALB.B6-Cmv1 mice were incubated with anti-CD1 6 antibody 
washed and stained with anti-CD44-PE conjugated antibody and 



anti-Vp8 TCR-FITC-conjugated antibody (all antibodies from Phar- 
mingen, San Diego, CA) for 1 hr on ice. After washing two times 
with PBS, double-positive cells were isolated by flow cytometry. 
The purified cells were seeded in triplicates in 96-well plates at a 
density of 3 x 10 4 cells and stimulated with plate-bound anti-CD3 
(10 ^g/ml), plate-bound anti-NK1.1 (100 jig/ml), or with a-GalCer, 
(50 ng/ml) for 4 days. a-GalCer was kindly provided by the Pharma- 
ceutical Research Laboratories, Kirin Brewery (Gumna, Japan). In 
a-GalCer-stimulated cultures, naive syngeneic spleen cells depleted 
of T cells with Dynabeads (Dynal Biotech, Norway) and irradiated 
to 3000 rads were added as antigen-presenting cells at a density 
of 2 x 1 0 8 cells/ml. Cells cultured in medium alone were used as 
background controls. [Methyl - 3 HJ-thymidine (2 >i.Ci/well, 5 Ci/mmol, 
Amersham, UK) was added 16 hr before harvest, and radioactivity 
was measured in a betaplate counter. The cell culture supematants 
were collected to measure the production of IL-4 and IFN-7 by 
capture ELISA. 

Statistic Analysis 

A paired-sample Student's t test was used for data evaluation. Dif- 
ferences in mortality rates of P. oergne/'-infected mice during the 
period of susceptibility were assessed by Cox-Mantel logrank 
analysis. 
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IMMUNOLOGICAL PROCESSES 
IN MALARIA PATHOGENESIS 



; Louis Schofield* and Georges E. Grau* 

; Abstract | Malaria is possibly the most serious infectious disease of humans, infecting 5-10% 
! of the world's population, with 300-600 million clinical cases and more than 2 million deaths 
j annually. Adaptive immune responses in the host limit the clinical impact of infection and 
j provide partial, but incomplete, protection against pathogen replication; however, these 
! complex immunological reactions can contribute to disease and fatalities. So, appropriate 
; regulation of immune responses to malaria lies at the heart of the host-parasite balance and 
| has consequences for global public health. This Review article addresses the innate and 
j adaptive immune mechanisms elicited during malaria that either cause or prevent disease 
i and fatalities, and it considers the implications for vaccine design. 



Malaria is transmitted to vertebrate hosts, such as mice, 
monkeys and humans, by the bite of female Anopheles 
mosquitoes that are infected with protozoan parasites 
of the genus Plasmodium. The inoculated sporozoite 
stage is transient and causes no pathology. Within 
a few minutes, it infects liver cells and undergoes a 
period of intracellular replication, which is also clini- 
cally silent. After liver- stage replication is complete, 
the parasite initiates blood-stage infection, which 
is the main cause of disease (FIG. l). There are four 
Plasmodium species that infect humans. Plasmodium 
ovale typically causes a relatively benign infection. 
Plasmodium malariae is also frequently clinically 
silent, although an immune-complex-associated 
glomerulonephropathy can develop following chronic 
infection. Although it is rarely fatal, Plasmodium vivax 
is a common cause of acute febrile illness, especially 
in Asia, South America and Oceania, and it might 
contribute to anaemia. However, most cases of severe 
disease and most deaths are caused by the blood-stage 
cycle of Plasmodium falciparum* which is endemic in 
most of sub-Saharan Africa and throughout most of 
the tropics. 

Worldwide, most infections with malaria-causing 
agents are clinically silent, reflecting the ability of 
adaptive immune mechanisms to prevent disease. 
In non- immune individuals, however, infections are 



more clinically overt, and a minority of these can 
become severe or life threatening, manifesting a range 
of discrete and overlapping disease syndromes of 
complex aetiologies. Those dying of malaria can have 
single-organ, multiple-organ or systemic involvement 
(table l). Overall patterns of disease depend markedly 
on the age and the previous immunological experi- 
ence of the host 1 . In areas of high malaria transmis- 
sion, the burden of disease is borne by infants and 
young children; life-threatening disease in this setting 
typically consists of metabolic acidosis (which leads to 
respiratory distress), cerebral malaria (CM) and severe 
malarial anaemia (SMA). However, in areas of lower 
transmission, primary infections might occur in adult- 
hood, in which severe disease more frequently involves 
additional disturbances, such as renal failure, pulmo- 
nary oedema, shock and jaundice. So, transmission 
dynamics and host age are important determinants of 
disease, together with host genetics and immunological 
responses (discussed later). 

The diversity of syndromes (table i) seems to con- 
found the identification of unifying mechanisms of 
disease. However, the studies reviewed here generally 
support a scheme in which several important malaria 
syndromes might arise from the intersection of a few 
basic processes: the site-specific localization of para- 
sitized red blood cells (PRBCs) among target organs; 
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the local and systemic action of bioactive parasite 
products, such as toxins, on host tissues; the local 
and systemic production of pro-inflammatory and 
counter- regulatory cytokines and chemokines by the 
innate and adaptive immune systems in response to 
parasite products; and the activation, recruitment 
and infiltration of inflammatory cells. According 
to this view, diverse organ-specific or systemic dis- 
ease syndromes are end-stage processes of atypical 
inflammatory cascades that are initiated in target 
organs by pathogen products and are maintained by 
infiltrating cells through positive- feedback cycles. In 
most cases, homeostasis corrects the cascade effect, 
and responses are adequately downregulated. In severe 
disease, however, a 'run- away* effect can ensue, with 
fatal consequences. Appropriate regulation of immune 



responses might therefore be a key to healthy out- 
comes, and understanding these processes might aid 
in the development of vaccine-based interventions. 

Initiation of malaria-associated syndromes 

Site-specific localization of PRBCs. As blood- stage 
parasites mature through the 48- hour replicative cycle, 
avoiding passage through the spleen is an essential 
survival strategy, because this immunological effector 
organ 2 efficiently filters PRBCs from the bloodstream. 
Erythrocyte membrane protein 1 (EMP1) is the name 
given collectively to members of a family of variant 
cell-surface proteins that are encoded by P. falciparum 
and enable PRBCs to engage multiple receptors — such 
as intercellular adhesion molecule 1 (1CAM1), vascu- 
lar cell-adhesion molecule 1 (VCAM1), CD31, CD36, 



Cerebral malaria 

Platelet Leukocyte 




Figure 1 1 The life cycle of Plasmodium falciparum. Mosquitoes that carry the malaria-causing parasite Plasmodium falciparum 
inject a small number of infectious sporozoites into the bloodstream while feeding. Within a few minutes, they are carried to the liver, 
where they invade and replicate in liver cells. Then, 1 0-12 days later, thousands of daughter merozoites are released back into the 
bloodstream and enter red blood cells (RBCs). The parasites are carried around the circulation within RBCs, but as they grow, they 
express adherent ligands — such as R falciparum erythrocyte membrane protein 1 — that enable the maturing parasite to bind 
receptors expressed by endothelial cells that line the blood vessels in the deep vascular beds of organs such as the brain, lungs and 
placenta. After 48 hours, the parasitized RBCs (PRBCs) rupture and release more daughter merozoites, thereby perpetuating 
and promoting the blood-stage cycle. The presence of the parasite and the invasion of RBCs might not be sufficient to account 
for disease; instead, the release of bioactive parasite molecules and an inappropriately regulated host immune response could be 
the main causes of fatal pathogenesis, which occurs in only a minority of patients. Some merozoites differentiate into gametocytes, 
which, when taken up by another feeding mosquito, perpetuate the sexual cycle in the insect. 
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CHAGAS' DISEASE 

A disease that is caused by 
Trypanosoma cntzi. In chronic 
cases, it is associated with 
autoimmune damage to 
various organs. 



thrombospondin, endothelial-cell selectin (E-selectin), 
chondroitin sulphate A (CSA) and hyaluronic acid 
— that are expressed by vascular endothelial cells 
in deep- organ microvascular beds. Binding to these 
receptors by cell- surface R falciparum EM PI seques- 
ters parasites so that they are removed from the circu- 
lation and, consequently, do not travel to the spleen. 
Although this is advantageous for the survival of the 
parasite, this strategy has the pathological consequence 
of concentrating parasites in various target organs, and 
the precise locations depend on the differential expres- 
sion of the various P. falciparum EM PI members and 
their diverse endothelial-cell-expressed receptors. 

Production of bio active parasite products. As 
sequestered parasites mature, they produce a vari- 
ety of bioactive molecules that either upregulate or 
down regulate pathogenic processes, largely through 
their effects on the innate immune system (table 2). 
Immune responses to infectious insults are mainly 
initiated by the interaction of pathogen -associated 
molecular patterns (PAMPs) with receptors expressed 
by host cells. For viruses, bacteria and yeast, PAMPs 
include modified lipids (such as bacterial lipopoly- 
saccharides), carbohydrates (such as yeast zymosan), 
proteins (such as flagellin) and nucleic acids (such 
as unmethylated CpG-motif-containing DNA and 
double-stranded RNA). Many studies implicate 
glycosylphosphatidylinositol (GPI) of P. falciparum 
as a malaria PAMP and as a toxin. Purified GPI 
induces the expression of many genes that are impli- 
cated in malaria pathogenesis: for example, genes 
that encode pro-inflammatory cytokines — such 



as tumour-necrosis factor (TNF), interleukin-1 
(IL-1) and IL-12 (REFS 3-6) — inducible nitric-oxide 
synthase 7 , and various adhesion molecules that 
are expressed at the surface of the vascular endo- 
thelium and are recognized by P. falciparum EMP1 
(REF. 8), which increases endothelial-cell binding by 
PRBCs 8 . In a sepsis-shock model, GPI alone is suf- 
ficient to cause symptoms that are similar to those 
of acute malaria, such as transient pyrexia, hypo- 
glycaemia and death of recipients as a consequence 
of TNF-mediated coagulopathy, as seen in the 
malarial shock-like syndrome 3 (table 1). The GPIs 
from Trypanosoma brucei> Trypanosoma cruzi and 
Toxoplasma gondii all have similar properties to the 
GPI from R falciparum 9 '", and this might account 
for some pathogenic features of trypanosomiasis, 
chagas* disease and toxoplasmosis. 

Other potential P. falciparum PAMPs include phos- 
phorylated, non-peptidic antigens, to which y8 T cells 
respond with slow kinetics 12 , and haemozoin, the insol- 
uble, crystalline residue of parasite-mediated haemo- 
globin digestion, which is long-lived and accumulates in 
phagocytes. Haemozoin has interesting, although seem- 
ingly contradictory, bioactivities. It has been reported to 
induce 13 or inhibit 14 dendritic cell (DC) maturation and 
to induce either the production of the T helper 1 (T H 1) 
cytokines TNF 15 and IL-12 (ref. 13) or the T H 2 cytokine 
IL-10. It also inhibits general proliferative responses by 
human leukocytes 16 . In addition, it has been shown to 
promote monocyte and macrophage dysfunction, by 
impairing phagocytosis and the expression of MHC 
class II molecules, CD1 lc and ICAM 1 (REE 17). Overall, 
haemozoin seems to be highly immunosuppressive 15,19 . 



Table 1 | Severe and fatal disease syndromes' in malaria 



Syndrome 

Cerebral malaria 



, Placental malaria 



Severe malarial anaemia 



Metabolic acidosis 



Shock-like syndrome 
(systemic inflammatory- 
response-like syndrome) 



Clinical features 

Sustained impaired consciousness, coma, 
long-term neurological sequelae 



Placental irisufficiehcy,:lpw birth Weight, 
premature delivery, loss of -fetus : 



Pallor, lethargy, haemoglobin level of 4-6 c 
per 10 ml 



Respiratory distress, deep breathing 
(Kussmaul breathing), hypovolaerriia 



Shock, haemodynamic changes, impaired 
organ perfusion, disseminated intravascular 
coagulation 



Possible sequence or mechanism of disease 

Cerebral parasite sequestration; bioactive GPI; pro- inflammatory 
cytokine cascade; endothelial-cell activation; natural killer T-cell 
activation; T H 1/T^-cell balance; chemokine production; 
monocyte, macrophage and neutrophil recruitment; platelet 
and fibrinogen deposition; CD4 + , CD8* and y5 T-cell involvement; 
IFN-y production; neurological metabolic derangements; possibly 
hypoxia 

Plasmodium f&ciparvmEWl PI -mediated binding to placental 
. endothelium and syncytiotrophoblast through chphdroitin ,, . . 
: sulphate A and .hyaluronic acid; ^cytokine production; chemokine- 
; mediated recruitment and infiltration of monocytes; intravascular 

macrophage 'differentiation : ' 

Erythropoietic suppression by toxins and cytokines; increased 
RBC destruction, owing to parasitization, RBC alterations, 
complement and immune complex or antigen deposition, 
erythrophagocytosis, splenic hyperphagism, CD4 + T cells, 
T H 1/T H 2 cytokine balance 0"NF and I FN -y versus IL-10) 

Molecular mechanisms unknown. Possibly; widespread parasite 
: sequestration;; bioactive toxins; increased vascular p'errheability; ' 

reduced tissue perfusion; anaemia; pulmpnarV. airway obstruction; 
■ hypoxia; . indreasecl host glycolysis; repressed gluconeogenesis. 
' Some overlap with shock-like syndrome :j 

Bioactive toxins; T H 1 cytokines; acute-phase reactants 



EMP1 , erythrocyte membrane protein 1 ; GPI. glycosylphosphatidylinositol; IFN-7, interferon-y; IL-10. interleukin-10; RBC, red blood cell; T H , T helper; TNF, tumour- 
necrosis factor. 
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ERYTHROPOIETIC 
SUPPRESSION 
The inhibition of normal 
production of fresh red blood 
cells in the bone marrow or 
spleen. This occurs by various 
mechanisms, including 
inhibition of precursor-cell 
responsiveness to 
erythropoietin. 



Table 2 | Malaria products and their bioactivities 




Parasite product 


Receptor and cell type 


Pathological and cellular effects 


Plasmodium falciparum 
EMP1 -family members 


ICAM1 , VCAM1 , CD36, thrombospondin, 
E-selectin, chondroitin sulphate A, 
hyaluronic acid and CD31 on endothelial 
cells and trophoblast cells; CD36 on DCs 


Binding directs parasite to the brain, placenta 
and possibly other target organs; CD36 
engagement proposed to suppress DC and 
macrophage activation 


GPI 


TLR2, TLR4 and/or possibly C-type 
lectins on several cell types, including 
DCs, macrophages, endothelial cells and 
adipocytes; CD1d and Va14-vp8 TCR 

on MKT r^plk 


Induces widespread expression of genes : 
encoding pro-inflammatory proteins (including 
TNF, IL-1 , IL-6, IL-12, iNOS, 1CAM1, VCAM1); 
activates NKT cells; induces T H 1 - or T^- . 
cytokine production 


Haemozoin 


TLR9 on DCs 


Contradictory reports: both T H 1 - and T H 2- 
cell activities; induces and inhibits DCs; 
suppresses macrophages; induces IL-10 
prouucuun, uiUciuiy iinniunuouppicbbivt; 


Unknown ligands . 


NKC-encoded receptors on NK and 
NKT cells 


Activates NK cells; induces I FN : y production;, 
regulates balance of T H 1 and T H 2 cytokines 
produced by NKT cells y.f. 


Isopentenyl 
pyrophosphate 


y5TCRs 


Activates y5 T cells; induces IFN-y production 


. : Protein antigens;' ;; ; 


Diverse TCRs on.CD4 + and CD8* T cells 


Activates apT cells; induces T^V-orj^^k--.-- 
cytokine production 


Unknown sugar(s) 


MBL in plasma 


Possible binding provides protection; low 
levels of MBL are associated with disease 



DC, dendritic cell; EMPt , erythrocyte membrane protein 1; E-selectin, endothelial-cell selectin; GPI, glycosylphosphatidylinositol; 
ICAM1, intercellular adhesion molecule 1; IFN-y. interferon-"/; IL, interleukin; iNOS, inducible nitric-oxide synthase; MBL, mannose- 
binding lectin; NK, natural killer; NKC, natural killer complex; NKT, natural killer T; TCR. T-cell receptor; T H , T helper; TLR. Toll-like 
receptor; TNF, tumour- necrosis factor; VCAM1, vascular cell-adhesion molecule 1 . 



Divergent results might be a consequence of differences 
in haemozoin preparations, because these preparations 
are heterogeneous, containing uncharacterized bio- 
active contaminants, such as non-covalently associated 
phospholipids, hydroxylated fatty acids, carbohydrates 
and glycolipids. Removal of non-covalently associated 
lipids from haemozoin preparations abolishes their 
bioactivity 20 - 21 . However, a synthetic version of haemo- 
zoin, p-haematin, has pro-inflammatory activity on 
mouse monocytes and macrophages 13,22 . 

At high PRBC to target-cell ratios, PRBCs can 
inhibit the maturation of DCs and reduce their 
ability to stimulate T cells 23,24 . DC exhaustion could 
result from antigen overload, but it has been sug- 
gested, although not proven, that these activities 
result from the binding of P. falciparum EM PI to 
CD36 and CD51 (REFS 23,24). If this is the case, this 
important molecule would also participate in the 
negative regulation of the immune system, in con- 
trast to PAMPs, which only induce activation of the 
innate immune system. 

Recognition of parasite molecules by innate immune 
receptors. The various members of the mammalian 
Toll-like receptor (TLR) family are important recep- 
tors that are responsible for recognition of microbial 
PAMPs. Mice that have a mutant version of TLR4, 
which binds lipopolysaccharide, are responsive to GPI 
from P. falciparum* and T. cruzi y indicating that this 
glycolipid triggers a different receptor that results in 
the expression of pro- inflammatory genes. GPI from 
both pathogens can activate TLR2, and this requires 
the crucial TLR adaptor protein MyD88 (myeloid 



differentiation primary- response gene 8S) 25,26 . However, 
TLR2-deficient mice produced pro- inflammatory cyto- 
kines when stimulated with live T. cruzi y and they were 
almost as resistant to infection as wild -type mice 27 . 
Evidence for the involvement of TLR mechanisms in 
the immunoregulation and immunopathogenesis of 
malaria is still limited. MyD88-deficient mice that are 
infected with Plasmodium berghei have less liver injury 
and produce less IL-12 but not IL-1 8 than wild-type 
mice 28 . However, the liver injury in this experimental 
system does not model the pathophysiological disease 
processes that occur in humans. Haemozoin activates 
mouse DCs through TLR9 (REE, 13). TLR9 is expressed 
by monocytes, macrophages, B cells and DCs in mice, 
but it is restricted to B cells and plasmacytoid DCs 
in humans 29 . So, TLR9 agonists (and presumably 
haemozoin) do not activate monocytes or macrophages 
in humans. TLR9 functions through a strictly MyD88- 
dependent pathway. However, data indicate that 
there is no significant difference in peak parasitaemia, 
erythropoietic suppression, interferon-y (IFN-y) produc- 
tion and CM fatality rates between P berghei-infected> 
Myc/88 -/ ~ mice and their P berghei-infected, Myd88* f ' 
litter-mates (L.S., unpublished observations). If this 
observation is confirmed, then MyD88- independent 
pathways would seem to dominate disease processes 
in this model. Other lectin-like receptors might also 
function as pattern- recognition receptors or modula- 
tory receptors, including calcium -dependent C-type 
lectins such as soluble mannose-binding lectin (MBL), 
which is present in the plasma. MBL binds sugars 
that are present at the surface of PRBCs but have yet 
to be characterized 30 , and a low level of MBL in the 
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plasma is associated with severe disease in humans 31 . 
Nonetheless, lectin-like- receptor signalling and bio- 
activity remain poorly defined. Further studies are 
clearly required to dissect the role of purified, struc- 
turally defined malaria PAMPs in the activation of 
TLR-signalling pathways, both those that are MyD88 
dependent and MyD88 independent, and to elucidate 
the possible contributions of these pathways to relevant 
pathophysiological processes. 

'Intermediate' pathways between innate and adaptive 
immunity. Many studies show that pro- inflammatory 
T H 1 cytokines are crucial determinants of malaria 
disease states. In addition to acute-phase mono- 
kines, the production of which is induced rapidly by 
parasite toxins, IFN-y levels can increase very early 
during malaria, indicating that non-conventional lym- 
phoid populations that can function with accelerated 
kinetics account for this production. CD Id- restricted 
natural killer T (NKT) cells are such an 'intermedi- 
ate* arm between innate and adaptive immunity, and 
these cells are particularly important in regulating the 
downstream differentiation of CD4 + T cells into T H 1 
and T H 2 cells 32 . As well as having toxic bioactivity, GPI 
is a natural glycolipid ligand for NKT cells 33 , together 
with closely related mycobacterial phosphatidylinositol 
mannosides 34 . In mice with CM, NKT cells were shown 
to be a crucial determinant of cytokine levels, the pro- 
inflammatory cascade, pathogenesis and fatality 35 . 
The CDld-NKT-cell pathway also upregulates and 
downregulates acute malarial splenomegaly in mice 
and is an important determinant of B-cell responses 36 . 
The CDld-NKT-cell pathway either prevents or pro- 
motes fatality, and it determines the differentiation of 
immune cells, depending on which alleles of the natu- 
ral killer complex (NKC), which is located on mouse 
chromosome 6 (RER 37), are expressed. The loci in the 
NKC are differentially expressed by natural killer (NK) 
cells and NKT cells, and they control the production 
of pro-inflammatory T H 1 cytokines and counter- 
regulatory T H 2 cytokines by NKT cells 35 . NKC loci also 
determine the level of malarial anaemia, the isotypes 
of malaria-specific antibodies and the T H 1 /T H 2 profile of 
conventional T cells that is induced during infection 37 . 
C57BL/6 mice, which are T H 1 -cell-response prone, are 
susceptible to CM, whereas BALB/c mice, which have 
a genetically determined T H 2-cell bias, are resistant 38 , 
and these different profiles reflect the substantial con- 
tribution of polymorphic NKC loci 37 . Infection with 
malaria-causing agents imparts NKC-dependent signals 
to NKT cells that influence their differentiation into 
cells that secrete T H 1 or T H 2 cytokines, but the spe- 
cific receptor-ligand interactions that are involved in 
this process are unknown. So, the NKC is a crucial 
genetic determinant of malaria pathogenesis in mice, 
with an important role in controlling NK- and NKT- 
cell function. Not all NKC loci are involved, however, 
because injecting certain NK-cell-specific monoclonal 
antibodies does not affect pathogenesis in mice 39 . 
Human NK cells also become activated early dur- 
ing malaria 40 and are activated rapidly by parasites 



in vitro 4 \ which requires direct contact of PRBCs 
with NK cells and results in IFN-y production 42 . 
However, the relevance of NK cells to human disease 
remains unclear. 

Progression to cerebral malaria 

The histopathology of CM is associated with the 
accumulation of mature PRBCs in cerebral micro- 
vessels, through sequestration. This feature was 
first described in 1894 (rer 43) and has since been 
confirmed by numerous studies 44 . This has led to the 
dominant theory of CM pathogenesis: that, because 
PRBCs are sequestered in brain capillaries and post- 
capillary venules, they induce flow perturbations 
that eventually lead to obstruction and hypoxia of 
the surrounding brain parenchyma 45,46 and to haem- 
orrhages. Nevertheless, as early as 1944, there were 
doubts about any causal relationship between CM and 
PRBC sequestration 44 . Indeed, there is, for the most 
part, no proof that PRBC sequestration is sufficient 
to cause CM 47 and even less that it is a cause of death; 
this issue has been debated previously 48,49 . Mature- 
stage parasites are absent from the peripheral blood 
of patients infected with P. falciparum. Clearly, seques- 
tration of PRBCs in deep microvascular beds occurs 
routinely in all of these patients, although only 1% of 
these individuals develop CM. So, PRBC sequestra- 
tion might not be sufficient to cause CM, but it might 
be necessary. Subsequently, it has become apparent in 
humans with CM, as well as in mouse models of CM, 
that host cells, such as leukocytes or platelets, might 
also be sequestered in brain microvessels, in addition 
to PRBCs 50 * 51 . These host cells might be involved in 
the pathogenesis of CM, either through local effects in 
brain microvessels or through distant effects mediated 
by the production of potentially deleterious mediators, 
such as pro- inflammatory cytokines, which can be 
detected in the circulation. These leukocytes, however, 
show little evidence of endothelial extravasation and 
therefore cannot be described as classic inflammatory 
cells. The timeline shows how the study of mouse and 
simian models, in vitro assays and human infections 
has contributed over time to the elucidation of the 
complex cascade that controls CM pathogenesis. 

Accumulation of intravascular infiltrates. The intra- 
vascular accumulation of monocytes in the brain has 
long been recognized in mice 52-54 and humans 51 - 55 " 60 
with CM. Sequestered monocytes and macrophages are 
more abundant in paediatric patients with CM than in 
those with SM A or non-malarial encephalopathy 44 . This 
feature has largely been ignored as a possible contributor 
to the pathogenic process in CM in humans. 

In CM, some cells of the monocyte-macrophage 
lineage within the microvasculature show charac- 
teristics that are normally associated with tissue 
macrophages (including an increased size and the 
presence of phagocytosed material, vacuoles, a ruffled 
plasma membrane and pseudopods). For this reason, 
we refer to these cells as intravascular macrophages. 
Therefore, CM is a rare situation in which monocytes 
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Cpntnbution of animal models and human-based assays to our understanding of cerebral malaria 



.^TTirgeli^jl Contribution ;of animal .1 

P. falciparum EMP1 ! 
?r^fe§''U : V -> first identified 

PRBC sequestration * 




IfcResfean^^ (orange), simian in vivo Infection models (green), in vitro models of human infection (yellow) and 

f int^o'ai^ protein 1 of P. falciparum; E-selectin, endotheiial-cell selectin; GPI. 



S:M3§«^&s^^ FN-y, interferon-?; LFA1, lymphocyte function-associated antigen 1 ; NKT, natural killer T; R falciparum, 

;li&7?ras7^ platelet selectin"; TNF, tumour-necrosis factor; TNFR2, TNF receptor 2: VCAM1, vascular ceO-adhesion molecule 1 . 



differentiate into macrophages in the intravascular 
compartment and not in the tissues. Several modi- 
fications of monocyte-macrophage phenotype and 
functions are known to occur in severe malaria. For 
example, coagulation factors secreted by monocytes, 
in addition to their role in blood-clot formation, 
might contribute to the sequestration of cells in brain 
microvessels of patients with CM, at least in children. 
Tissue factor can itself function as an adhesion mol- 
ecule, and it has coagulation-independent roles in cell 
adhesion and migration. Furthermore, upregulation 
of tissue-factor expression has a central role in driv- 
ing a thrombosis-inflammation circuit. Coagulant 
mediators (such as factor Vila and factor Xa) and the 
end-product fibrin are also pro- inflammatory, elicit- 
ing the expression of TNF and other cytokines, as well 
as chemokines and adhesion molecules, and this has 
recently been reviewed in REFS 50,5 1. 

The accumulation of leukocytes in the brains 
of patients with CM is evidence of a consider- 
able chemokine cascade, which has been shown in 
experimental studies, including DNA-microarray 
analyses of mouse disease 61 * 62 . The expression of 
monocyte-secreted cytokines and chemokines, such 
as TNF, CXC-chemokine ligand 10 (CXCL10; also 
known as IP 10), CC-chemokine ligand 2 (CCL2; 
also known as MCP1) and CCL5 (also known as 
RANTES), varies with mouse genotype and corre- 
lates with resistance versus susceptibility to disease 62 . 
Neutrophils also contribute to the brain lesions 
in mice and are an important source of cytokines 



(including the p40 subunit of IL-12, IL-18, IFN-y 
and TNF) and chemokines (including CCL3 (also 
known as MIP1 a), CXCL9 (also known as MIG) and 
CXCL10) that participate in pathogenesis. Indeed, 
depletion of neutrophils early in malaria prevents 
the development of CM in mice, downregulates the 
expression of T H 1 cytokines in the brain, and mark- 
edly decreases the sequestration of monocytes and 
the incidence of microhaemorrhages in the brain 63 . 
Although the contribution of neutrophils to CM in 
humans is unknown, the neutrophil-specific acti- 
vation marker and recruitment agent lipocalin was 
found at a higher concentration in plasma from 
patients with severe malaria 64 , and transcription of 
the gene encoding lipocalin is up regulated in the 
brain during cerebral disease in mice 61 . 

Evidence for a pathogenic role of platelets, 
both in CM in mice and in in vitro models of CM 
in humans, has been summarized elsewhere 65 . As 
illustrated in FIG. 2, there are several possible ways 
through which platelets could affect endothelial- 
cell function and viability, and promote leukocyte 
adhesion. First, platelets, together with other cell 
types, can modulate the expression of adhesion 
molecules, such as ICAM1, and the production of 
cytokines, such as IL-6, by endothelial cells 66 , through 
the release of IL-1. Second, platelet- derived micro- 
particles modulate endothelial- cell metabolism, by 
regulating the production of cyclooxygenase-2 and 
prostaglandins 67 , and increase the adhesiveness of 
the endothelial-cell-leukocyte-platelet interaction, 
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Figure 2 | Mechanisms of platelet-endothelial-cell interactions in cerebral malaria. Platelets, after activation by tumour- 
necrosis factor, can markedly alter the functions of brain endothelial cells, either directly, by binding to the endothelium, or 
indirectly, by releasing molecules from their secretory granules. For example, platelets release interleukin-1 (1L-1), which increases 
the expression of adhesion molecules (such as intercellular adhesion molecule 1 , ICAM1) and the production of cytokines (such 
as IL-6) by endothelial cells. Platelet-derived microparticles also after endothelial-cell metabolism by regulating the production of 
cyclooxygenase-2 and prostaglandins, which might affect endothelium permeability, electrical resistance and apoptosis. One 
of the earliest events in inflammation or tissue injury is the adhesion of activated platelets to the endothelium (possibly through 
CD40 ligand (CD40L)- j CD40 interactions). Importantly, in cerebral malaria, this provides additional receptors at the endothelial-cell 
surface for the adhesion of leukocytes, which bind platelet surface molecules such as platelet selectin (P-selectin) and CD40L, 
through P-selectin glycoprotein ligand 1 (PSGL1) and CD40, respectively. Furthermore, platelet-derived microparticles can 
increase the adhesiveness of endothelial cells to leukocytes and the adhesiveness of the platelets themselves to the endothelium. 
Finally, activated platelets can indirectly after endothelial cells through the complex effects of their granule-derived mediators 
on leukocytes, including platelet-derived growth factor (PDGF). 12-hydroxyeicosatetraenoic acid (12-HETE). CXC-chemokine 
ligand 4 (CXCL4; also known as PF4), p-thrombogbbulin (p-TG) and transforming growth factor-0 (TGF-p). The exact 
mechanisms that are involved have yet to be defined. EMP1 , erythrocyte membrane protein 1 of Plasmodium falciparum: 
LFA1 , lymphocyte function-associated antigen 1 ; MAC1 , macrophage receptor 1 ; PRBC, parasitized red blood cell. 



NUDE MICE 

Mice with a mutation that 
causes both hairlcssness and 
defective formation of the 
thymus, which results in 
a lack of mature T cells. 



by directly upregulating the expression of adhesion 
molecules and integrins such as ICAM1 and macro- 
phage receptor 1 (MACl;CDllb-CD18),bothbythe 
endothelium and by adherent monocytes and other 
leukocytes 68 . Consistent with this, microparticles have 
been shown to be crucial for the development of CM 
in mice 69 , and the level of microparticles is markedly 
increased in the plasma of children with CM 70 . Third, 
the adhesion of activated platelets to the endothelium 
(which is an early event in inflammation and possibly 
occurs through CD40-ligand-CD40 interactions) 
can indirectly mediate leukocyte-endothelial-cell 
adhesion, by providing additional receptors, such as 
fibrinogen and 1CAM2 (REF. 71), which are ligands for 
leukocyte MACl and lymphocyte function- associated 
antigen 1 (LFA1; CDlla-CD18), respectively. In 
addition, platelet selectin (P-selectin) is released 
from secretory granules of activated platelets and 
can be expressed at their surface, and leukocytes 
that express P-selectin glycoprotein ligand 1 can then 
adhere to this surface P-selectin 72 . Last, platelets can 
also modulate the sequestration of normal RBCs and 
of PRBCs, by surface expression of CD36, which 
binds P. falciparum EMP1 at the PRBC surface, and 
they can directly modulate cytokine production by 
circulating leukocytes and the endothelium, as has 
been shown in mouse models of CM 73 . 



A key unresolved question is how much of the 
accumulation of parasites in cerebral vessels is associ- 
ated with adhesion mediated by classic receptor-ligand 
interactions and how much is associated with non- 
specific deposition of activated platelets, deposition 
of fibrin and the presence of other markers of the host 
inflammatory response. Evidence from P-selectin- or 
1CAM1 -deficient mice indicates that most platelet 
binding is likely to be ligand mediated (not non- 
specific), because platelet binding is undetectable 
by intravital microscopy in these mutant mice 74 . 
Nonetheless, the relative importance of the numerous 
effects of platelets in the pathogenesis of CM remains 
to be further elucidated 50 . 

Role of T cells. In mice, CM has been known to be a 
T-cell- dependent disease for two decades, nude mice 
and mice that are deficient in the ctp-TCR are resistant 
to disease. In addition, in vivo depletion using specific 
monoclonal antibodies showed that CD4 + T cells are 
required for pathogenesis 75 . However, MHC-class-II- 
deficient mice, which lack conventional CD4 + T cells, 
still develop CM 39 , probably by retaining CD ld- 
restricted, CD4 + NKT cells that have a crucial role in 
disease 35 . Subsequently, y8 T cells have been shown to 
participate in CM, because although mice that are defi- 
cient in the y5-TCR are susceptible to CM, depletion 
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of yS T cells from wild-type mice (using specific anti- 
bodies) confers resistance to CM. yS-TCR-deficient ani- 
mals therefore seem to develop a functional redundancy 
that is absent in conditions of normal immunological 
ontogeny 76 . In humans, there are few data that address 
T-cell involvement in CM. 

IFN-y seems to be the most important T-cell- 
secreted cytokine. In vivo neutralization of IFN-y in 
mice infected with P. berghei strain ANKA prevented 
TNF overproduction and CM development 77 . The 
central role of IFN-y in the pathogenesis of CM was 
confirmed by experiments in mice that were defi- 
cient in IFN-y or the IFN-y receptor, which are resis- 
tant to the development of experimentally induced 
CM 78 . The cell-surface antigen CTLA4 (cytotoxic 
T-lymphocyte antigen 4; CD152) negatively regu- 
lates T cells and therefore might downregulate 
T-cell responses and prevent immunopathology. As 
expected, blockade of CTLA4 exacerbated CM in mice 79 , 
which highlights the contribution of T cells to disease. 

CD8 + T cells might also be effectors in patho- 
genesis 39,80,81 . In mice, the number of cytotoxic CD8 4 
T cells infiltrating the brain during CM is increased, 
and these cells contribute to permeability changes 
of the mouse blood-brain barrier through perforin- 
dependent mechanisms 82 * 83 . CM is also associated with 
an increase in the number of peripheral CD8 + T cells 
that have TCRs using the V(58. 1 or VP8.2 segments 84 , 
and disease was reduced when mice were treated with 
antibodies that specifically neutralize these T cells. 
Because of the hypothesis that CD8 + T cells contribute 
to the pathology of CM 39 , the role of CC-chemokine 
receptor 2 (CCR2), which is expressed by CD8 + T cells, 
was evaluated 85 . Mice that were deficient in CCR2 
remained susceptible to CM, indicating that this 
receptor is not directly involved in cerebral pathol- 
ogy. However, the number of CD8 + CCR5 + T cells 
in the brain increased after infection with P. berghei 
strain ANKA, and CCR5- deficient mice were partially 
protected against the neurological syndrome 85 . CD8* 
T cells sequestered in the brain were proposed to be 
responsible for the neurological syndrome and for 
death, but there has been no report that directly shows 
the presence of these cells, using histopathology, at the 
site of neurovascular lesions. Direct contact has been 
shown in vitro between brain endothelial cells and 
activated T cells, and this contact might also be cru- 
cial in cerebral pathogenesis 86 . CD8 + T cells also have 
a role in circulatory shock and in respiratory distress 
in mice that are infected with P. bergheF. 

Microvascular obstruction: what is the sequence 
of events? In conclusion, histopathological studies 
have uncovered the presence of PRBCs, platelets and 
leukocytes, each of which might contribute to dis- 
ease, in the cerebral vascular lumen in humans and 
•mice with CM (FIG. 3). What cannot be deduced from 
such observations is the order in which the cells and 
platelets are sequestered in a vessel and the nature 
of the ensuing interactions. There are three possi- 
bilities: namely, that PRBCs bind brain endothelial 



cells first, followed by leukocytes or platelets; that 
leukocytes bind first; or that platelets make the initial 
interaction. This might vary in different areas of the 
brain and over time, thereby leading to a mosaic of 
arrested cells. So, conclusions drawn from histology, 
even in post-mortem analyses of multiple sites, might 
be influenced by sampling variables. In addition, the 
transient nature of the binding events, the temporal 
pattern of expression of adhesion molecules, and 
competition among PRBCs and leukocytes for bind- 
ing sites is likely to determine the sequence of adhe- 
sive events. For example, P-selectin and E-selectin 
are expressed transiently, which probably influences 
the binding of circulating cells. Endothelial-cell, 
leukocyte and platelet adhesion molecules are likely 
to participate in cell-cell interactions in this dynamic 
environment. After cells have accumulated, they pro- 
duce chemotactic, inflammatory and toxic mediators 
that further contribute to the pathogenesis, and this 
can lead to positive- feedback cycles (FIG. 3). 

Judgement must remain reserved, however, on the 
contribution of each factor in different age groups, in 
different transmission settings and across the spec- 
trum of disease. What is cause and what is effect in 
this complex picture? The difficulty of ascribing func- 
tion applies particularly to post-mortem histological 
analyses of human cerebral disease states, because 
processes that are observed to be associated with 
disease might be corrective attempts that have been 
made by the host to control infection or to downregu- 
late pathogenesis, or might be pathogenically neutral. 
A recent histological study points to the possibility of 
a disease spectrum in paediatric patients with CM 60 . 
There are three defined disease categories (CM1, 
CM2 and CM3), and they occurred in 1 5%, 56% and 
29% of clinically defined cases, respectively. Patients 
with CM 1 have only PRBC sequestration, whereas 
patients with CM2 have PRBC sequestration plus 
other intra- and perivascular pathology, including 
immune-cell infiltrates. Patients with CM3 fulfilled 
the complete World Health Organization clinical 
criteria for CM, including unrousable coma associ- 
ated with infection, but they died of non-malarial 
causes. So, what seems to be a defined syndrome 
appears heterogeneous with respect to the under- 
lying pathogenesis 88 . Key histological studies have 
been undertaken in South-East Asian adults. These 
implicate a role mainly for PRBC sequestration in 
CM, and it seems probable that there are substantial 
differences between CM in adults and in children 
(studied in Africa), with intravascular leukocyte 
accumulation being more pronounced in children. 
Fortunately, animal models allow hypotheses to be 
tested by experimental intervention, and CM in 
rodents seems to mirror the human disease with 
reasonable accuracy, including presenting a disease 
spectrum that depends on host genetics. Because 
disease progression in animal models evidently 
requires several sequential steps, multiple points of 
intervention might also be possible in the treatment 
of humans with CM. 
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Immunology of placental malaria 

In areas with high rates of transmission of malaria, 
women have considerable immunity to malaria by the 
time they reach child-bearing age. However, during 
their first or second pregnancy, they are susceptible 
to placental malaria, and this becomes less common 
with subsequent pregnancies. CSA and hyaluronic acid 
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Figure 3 1 Schematic representation of events that are likely to lead to severe malarial 
disease, particularly in the brain. First, parasitized red blood cells (PRBCs) adhere to 
receptors expressed by brain microvascular endothelial cells, such as intercellular adhesion 
molecule 1 (ICAM1), through surface expression of Plasmodium falciparum erythrocyte 
membrane protein 1 (EMP1). When merozoites are released from PRBCs ~4 hours later, parasite 
glycosyiphosphatidylinositol (GPI),' which is either released into the blood or present in 
parasite membranes, functions as a pathogen-associated molecular pattern and toxin, thereby 
inducing an inflammatory response. A local acute-phase response then occurs, which involves 
activation of the endothelium and local production of cytokines and chemokines, and this 
results in upregulation of expression of cell-adhesion molecules by endothelial cells. Within 
the next -24 hours, this cycle is perpetuated and exacerbated, owing to increasing parasite 
numbers and further binding of PRBCs to endothelial ceils that have upregulated expression 
of cell-adhesion molecules. GPI can also function as a ligand for CD1d-restricted natural killer 
T (NKT) cells, leading to their activation. Activated NKT cells can regulate the differentiation of 
CD4 + T cells into T helper 1 (T H 1) or T H 2 cells, depending on which natural-killer-complex loci 
are expressed, so activation and involvement of CD4* T cells occurs. In addition, chemokines 
recruit monocytes and activate neutrophils (although neutrophils are not known to infiltrate 
brain microvessets in humans or mice with cerebral malaria). Recruited monocytes can then 
differentiate into macrophages and become arrested in brain microvessels. Macrophages 
can also be activated by GPI, a process that is amplified by interferon-Y. Local activated 
macrophages produce more chemokines, which are released systemically, thereby amplifying 
infiltration of cells, sequestration of PRBCs and release of microparticles (which are probably 
of endothelial-cell origin). After several more cycles, 78 T cells and CD8 + T cells might become 
involved, releasing more chemokines and cytokines both systemically and locally and possibly 
inducing perforin-mediated lesions in the endothelium. Together with locally arrested 
macrophages, platelets are sequestered and participate in altering endothelial-cell functions. 
More microparticles of platelet, endothelial-cell and monocyte origin are released, which leads 
to the dissemination of pro-inflammatory and pro-coagulant effects. Finally, damage to the 
endothelium, with possible perivascular haemorrhage, axonal injury, and neurotransmitter 
and metabolic changes, can ensue. The overall disease spectrum in humans might depend 
on whether all of these processes occur or only some of them. 



are receptors that are expressed by endothelial cells, 
preferentially in the placenta. PRBCs that display 
R falciparum EMPI proteins that bind these recep- 
tors can be sequestered, allowing parasite maturation 
on the placental endothelium 89 and thereby validating 
the link between an adhesive phenotype and organ- 
specific disease 90 . As is the case for CM in mice 52 -*- 91 
and humans 51,55,60 , severe placental malaria (which 
results in low birth weight) is associated with sub- 
stantial macrophage infiltration into the placenta 
and high chemokine expression 92,93 , indicating that 
adhesive phenotype and chemokine-driven cellular 
infiltration are key determinants of organ-specific dis- 
ease syndromes. Interestingly, women with placental 
malaria remain afebrile, indicating that the condition is 
mainly a local pathology, with some aspects of acquired 
clinical immunity remaining unaffected by placental 
parasitization. 

Immunology of severe malarial anaemia 

SMA is the most serious and most common pernicious 
complication of malaria, and it might be the leading 
cause of deaths from malaria worldwide. Compared 
with the florid, acute signs of CM, SMA can be chronic 
or silent and therefore is less well studied. However, 
that peaks of SMA incidence coincide with peaks of 
CM incidence during high transmission seasons in 
endemic areas indicates that SMA might sometimes 
be an acute syndrome, notwithstanding that, for some 
cases, this might be the point at which a chronic process 
flares up. Many cross-sectional studies report a lack 
of correlation between parasite densities and severity of 
anaemia, although longitudinal studies indicate that 
duration of infection might be a better predictor of risk 
of disease 94 . There is a misconception, however, that 
SMA arises simply from the destruction of infected 
RBCs, and over-reliance on inappropriate models 
might contribute to this view (BOX 1). Many animals 
with acute infections develop severe haemolytic anae- 
mia, through invasion and rupture of RBCs as a con- 
sequence of excessive parasite burdens of a magnitude 
that is rare in humans with malaria. In humans, SMA 
is typically associated with parasite burdens that are 
considerably lower than those required for the marked, 
direct destruction of RBCs 95 , with -12 uninfected RBCs 
lost for every PRBC 95,96 . Because of the limitations of 
hyperparasitaemic experimental infections, there has 
been increased interest in Aotus spp. monkeys either 
immunized with experimental vaccines consisting 
of antigens from blood-stage parasites or rendered 
semi-immune by previous exposure to infection with 
P. falciparum, as these animals develop marked SMA 
despite having very low parasite burdens 97,98 . Before the 
advent of antibiotics, the high fever induced by malaria 
was used to treat neurosyphilis; the low parasite bur- 
dens, and the kinetics and magnitude of SMA, in 
semi-immune simian models mirror the anaemia that 
developed in the numerous untreated humans who 
had malaria that was induced for the management of 
neurosyphilis 95,99,100 . Therefore, because direct destruc- 
tion of RBCs by parasitization seems to be a relatively 
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Box 1 [ Experimental models of malaria ' : VI.' \ 

The study of malaria is aided by the availability of a wide range of experimental 
models. Various species of the Plasmodium genus — such as Plasmodium chabaudi y 
Plasmodium berghei> Plasmodium yoelii and Plasmodium vinckei — naturally infect 
rodents. Adapted to infect laboratory rats and inbred mouse strains, they have 
proven enormously useful in the development of drugs and vaccines, and in basic . 
studies of pathogenesis, immunology, and the genetics of susceptibility or resistance 
to infection and disease. Other models use parasites that cause malaria in simians — 
such as Plasmodium knowlesi and Plasmodium cynomolgi — or parasites of humans 
that are adapted to simian hosts (such as Aotus spp. monkeys). Although no two 
hostrrparasite combinations are identical in all features of the relationship, some 
models are better than others at recapitulating the main features of pathology or 
the immune responses that occur in malaria in humans. There is great diversity 
of responses and disease outcomes in human populations, so experimental models 
that use inbred hosts might reflect only a section of the natural spectrum of disease 
in humans: varying both host and parasite genetics uncovers a diversified disease 
spectrum in these models. 

Malaria in mice 

Early during infection, P. berghei strain ANKA is a good model of -cerebral malaria 
(CM), and processes identified using this model have been subsequently validated 
in humans. Inbred mouse strains differ markedly in their susceptibility, showing the 
importance of host genetic variation in inimunopathogenesis 1 ? 3 . ^SiMarly, different 
stnin&lPSberghei (K173 versus A>«CA) differ in some ^aspects of pathogenesis, 
indicating the ^influence of parasite genetic variation mmduced pathology.;; v 
; Infection with P. yoelii strain 17XL ; : (a lethal strain) induces jCM that is associated 
wiuS the sequestration of parasitized red blood cells, and it hasbeen used together with 
P. yoelii strain 17XNL (a nori-Iethal strain) to study expeiMental-yaca 
immune r^potises; • ;'-'V : : . ; •;: -i?**?: *V ' ' ' 

P chabaudi ch^^di strain AS causes a non-lethal infection m resistant mouse ; 
strains ^ and a lethal infection in susceptible mouse strains. ^ Lemality, however, results 
from haemolysis that is secondary to hyperparasitaerhia, which might not be relevant 
to me human disease processes; Tin 

experimental vaccines and immunological processes that control hyperparasitaemia. 
Infections with Rchabaudiadami are self-resolvihg, rion-pathbgeriic and non-lethal. 
P. vmcjtei vf'ncJtei causes an aggressive, ovem 



minor contributory mechanism 101 , SMA is thought to 
arise mainly from two processes: increased destruction 
of non -parasitized RBCs, and decreased production of 
RBCs (also known as erythropoietic suppression). 

Destruction of uninfected RBCs. In SMA in humans, 
accelerated RBC turnover is proposed to result from 
changes to the surface or structure of uninfected RBCs 
that target them for destruction 102 . The following have 
been detected at relatively high frequencies in indi- 
viduals with SMA 101 : oxidation, phosphatidylserine 
externalization and reduced deformability of RBCs; 
complement binding by RBCs; complement regulatory 
deficiencies; and autoantibodies, immune complexes 
and IgG specific for non-specifically adsorbed para- 
site antigen at the surface of RBCs. These mechanisms 
are proposed to target RBCs for destruction by intra- 
vascular haemolysis or for clearance mediated by the 
reticuloendothelial system (RES). However, human 
SMA is not associated with the typical signs of intra- 
vascular haemolysis, such as secretion of haemoglobin 
in the urine. By contrast, homeostatic RES clearance 
of RBCs is mainly mediated by macrophages in the 
splenic red pulp, and recruitment to the spleen or 



RETICULOENDOTHELIAL 
SYSTEM 

The general phagocytic system 
of the hosL It is responsible for 
removal and destruction of 
foreign material and senescent 
or dead host cells, such as red 
blood cells. 



activation of these macrophages might accelerate 
the process 103 - 104 . SMA is associated with high serum 
levels of neopterin, a marker of macrophage activa- 
tion, the expression of which is induced by IFN-yin 
particular 103 . Phagocytosis of uninfected RBCs has 
been documented during human infections 105106 , and 
upregulation of RES activity is implicated in malarial 
thrombocytopaenia' 07 . Anaemia often persists after 
clearance of parasitaemia, and haemoglobin normal- 
ization shows delayed kinetics compared with condi- 
tions that have similar blood loss, such as trauma 96 . 
It is possible that clearance by the RES that Involves 
high RBC turnover extends beyond the period of 
parasitaemia. In untreated malaria used to control 
neurosyphilis, the rapid onset of severe anaemia was 
temporally linked to the appearance of a distended 
spleen, as was subsequently observed in children with 
malarial anaemia 99 . These observations are consistent 
with hyperactivation of the RES and with the magni- 
tude of RBC destruction during SMA. This has led to 
the proposal that SMA has an inflammatory aetiol- 
ogy 103,104 . Counter-regulatory T H 2 cytokines such as 
IL-4 (ref. 103) or IL-10 (refs 108,109) might therefore 
protect against disease. So, SMA might be regulated by 
diverse factors that control hypersplenism and splenic 
macrophage recruitment and activation: for example, 
host CD4 + T cells, cytokines and chemokines (such 
as CCL2, CCL3 and CCL4 (also known as MIPl^)) 
and parasite products (such as haemozoin and GPI). 
SMA might therefore be precipitated by the rise of 
parasitaemia above a crucial threshold, as has been 
observed for experimental infections of simians 97 - 98 
and humans 95 - 99 * 100 . 

Nevertheless, it might be the immune response of the 
host to this parasite biomass that is the main cause of 
anaemia, rather than simply the direct destruction 
of RBCs by parasitization. In broad terms of immuno- 
regulation, SMA might therefore have similarities 
to other malaria syndromes. Adoptive transfer of 
parasite-specific, CD4 + T H 1 -cell lines promotes anaemia 
after infection with R berghei m , showing that antigen- 
specific T cells can contribute to the severity of disease. 
A plausible mechanism lies in the ability of T cells to 
upregulate macrophage-mediated RBC clearance. 
Because SMA is marked in Aotus spp. monkeys that 
have been immunized with P. falciparum antigens 97,98 , 
blood-stage vaccines might not necessarily protect 
against this condition, although they might suppress 
parasitaemia. Whether T-cell priming by these experi- 
mental vaccines promotes the development of SMA is 
not clear. Such preclinical models might prove useful 
for further assessing the efficacy of vaccines in the 
prevention or promotion of this disease state. 

Decreased production of RBCs. Normal homeostasis of 
RBC numbers is maintained by balancing destruction 
of old RBCs by the RES with production of new RBCs 
through erythropoiesis. Under the influence of factors 
such as erythropoietin, haematopoietic stem cells in 
the bone marrow or spleen multiply and differentiate 
to produce the youngest fully functional RBCs, which 
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are known as reticulocytes and are the earliest cell in 
this pathway to be released into circulation. The num- 
ber of reticulocytes in the blood directly reflects recent 
erythropoietic activity. Reticulocyte levels are often 
decreased during acute infection with P. falciparum y 
indicating that another mechanism might contribute 
to SMA — erythropoietic suppression 1 n . Animal mod- 
els seem to accurately recapitulate this phenomenon. 
Infection with Plasmodium chabaudi or P. berghei 
results in decreased proliferation, differentiation and 
maturation of erythroid precursors 1 l2J13 , and reticulo- 
cyte levels are decreased early in infection, with DNA- 
microarray analysis of splenocytes and bone-marrow 
cells uncovering reduced transcription of at least 25 
erythroid-specific loci 61 . It has been widely proposed that 
the TNF and IFN-y cytokine cascade that is associated 
with the immediate early acute phase of infection medi- 
ates erythropoietic suppression in mice and humans, 
by decreasing the responsiveness of erythroid precur- 
sors to erythropoietin 1 14,11 s , but this remains unproven. 
Anaemia in response to acute infection with P. berghei 
strain ANKA is controlled, in part, by genes encoded 
by the polymorphic NKC loci that are expressed by 
NK and NKT cells, which control cytokine levels and 
immune-cell differentiation 37 . Crude P berghei strain 
ANKA and P. chabaudi parasite lysates also induce 
erythropoietic suppression in vivo 116 , reflecting the 
bioactivity of parasite products (possibly haemozoin or 
GP1), which either directly affect erythroid precursors 
or indirectly affect them by influencing macrophages 
(to secrete TNF 3 ) or NKT cells 33 . 

After loss of RBCs in conditions such as trauma, 
anaemia is normally compensated for by physio- 
logical erythropoiesis. However, SMA could be 
exacerbated if erythropoietic suppression were to 
prevent adequate reticulocyte compensation during 
continuing clearance of RBCs. Further investigation 
of the multiple host and parasite factors that might 
influence these two contributory mechanisms of 
SMA in vivo is required. Specifically, the impact 
of vaccination on SMA- related end -points should be 
examined in more detail in experimental models. 

Clinical immunity to malaria 

Epidemiological studies show that, after the initial 
period in which children are susceptible to severe 
malaria, protective immunity that is acquired to malaria 
develops in three sequential phases: first, immunity to 
life- threatening disease; second, immunity to symp- 
tomatic infection; and only then, third, partial immu- 
nity to parasitization. In 1899, Robert Koch observed 
that immunity to disease precedes the ability to control 
parasite densities, as others subsequently observed 117 " 119 , 
proposing that it reflects the primary acquisition of 
antitoxic immunity. The data from the treatment 
of neurosyphilis with malaria shows evidence for anti- 
toxic immunity 120 . At the population level, immunity 
to severe malaria seems to be acquired after only one or 
two infections 121 , although many children with severe 
disease have a previous history of multiple mild bouts 
of malaria. 



Several studies report associations between levels of 
antibodies that are specific for various parasite antigens 
and reduced risk of infection 122 , but this is not clearly 
established for disease states such as CM or SMA. 
So, there is no single correlate of clinical immunity, 
and those described do not account for the overall 
variation in susceptibility in a population 123 . However, 
antibodies specific for the parasite glycolipid GPI have 
been found to be negatively associated with the risk 
of developing SMA 5 or CM 124 and with acute febrile 
episodes 125 , although a cross-sectional study found no 
association with tolerance for parasitaemia 126 , which 
might reflect the developmentally compromised acqui- 
sition of carbohydrate-specific antibodies in infants. 
Although clinical immunity might result from adaptive 
immune responses to GPI, other explanations include 
the acquisition of physiological non- responsiveness to 
malaria toxins (which is analogous to tachyphylaxis, 
the process of downregulation of lipopolysaccharide- 
responsive signalling pathways following exposure 
to the agonist). However, this mechanism is unlikely to 
operate over long time-scales, whereas clinical immu- 
nity seems to be relatively robust. A further possibility 
is that disease susceptibility or resistance is regulated 
to a considerable extent by the T H l/T H 2-cytokine 
profile of the NK- and NKT-cell arm of the immune 
system (which is intermediate between the innate and 
adaptive immune systems) 32 * 33,35 " 37 or of conventional 
CD4 + T cells and that clinical immunity is associated 
with a switch away from the default, T H 1 -cell-biased 
responses to T H 2-cell-biased responses, which prevents 
severe disease but controls parasite densities only after 
an appropriately diverse antibody repertoire is gener- 
ated. Establishing whether clinical immunity results 
from adaptive immune responses to bioactive parasite 
products, physiological desensitization to malaria tox- 
ins, regulation of the balance of T H 1 and T H 2 cytokines, 
or a combination of mechanisms is an important issue 
for future research because such considerations should 
inform vaccine development. 

Implications for vaccines 

Vaccines against malaria should aim to reduce mor- 
bidity and mortality. Traditional approaches seek to 
achieve this objective by reducing parasite burdens. 
In support of this, a recent clinical trial shows that 
reducing the infective inoculum by administration of a 
sporozpite-specific vaccine reduces the rates of dis- 
ease 127 . Nonetheless, reducing the replication of blood- 
stage parasites, although likely to confer protection, will 
not necessarily reduce morbidity or mortality, because 
host immune responses, which can be non-linear with 
respect to parasite densities, are important determi- 
nants of these events. Despite the clinical objective of 
vaccination, there has been no systematic attempt to 
assess the impact of experimental vaccines in preclini- 
cal models that have appropriate disease end-points. 
Preclinical models that have been used so far include 
infection of naive mice with P. chabaudi and infec- 
tion of naive Aotus spp. monkeys with P. falciparum, 
and these infections result in high rates of parasite 
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replication but not in clinically relevant syndromes. 
As mentioned earlier, SMA is marked in Aotus spp. 
monkeys that have been immunized with P falciparum 
antigens 97,98 , so blood-stage vaccines might not neces- 
sarily protect against this condition, although they 
might suppress parasitaemia. Whether experimental 
vaccines can induce immune responses that promote 
SMA is not clear. 

The use of vaccines against the disease aims to 
reduce morbidity and mortality directly, by immuniz- 
ing individuals with parasite products that contribute 
to host pathology 128 . For example, vaccines that are 
designed to prevent malaria during pregnancy target 
the domains of R falciparum EM PI that bind placental 
receptors 129 (that is, CSA and hyaluronic acid). Other 
organ-specific disease processes could be targeted if a 
restricted set of P. falciparum EM PI molecules were 
found to be important 129 , the inherent diversity of these 
targets being a potential barrier to these strategies. 
Chemical synthesis of the glycan group of Plasmodium 
spp. GPI, which is highly conserved and non -toxic, has 
recently provided a means to test the hypothesis that 
this molecule is causally involved in the pathogenesis of 
P. berghei infection 130 . Vaccination with the GPI glycan 
protects against blood acidosis, pulmonary oedema, 
vascular occlusion by macrophages, and cerebral fatali- 
ties in a rodent model of severe malaria induced by 
R berghei infection 130 . These findings show the efficacy 
of a prototype antitoxic vaccine, and they prove that 
GPI is an essential parasite product in the pathogenesis 
of systemic disease and in the lethal cerebral syndrome 
in this model. 

It has been argued that antitoxic vaccines might 
exacerbate disease by inhibiting the acute-phase 
responses that limit parasite replication 131 . Indeed, it 
has been proposed that the function of malaria toxins 
is to elicit host responses that limit infection densities 
by killing parasites 131 . However, Suicide* explanations 
of biological function in unicellular organisms are not 
easily reconciled with Darwinian logic, it being difficult 
to envisage why parasites would produce a molecule to 
cause their own demise. Furthermore, strong acute- 
phase immune responses are seen in association with 
high parasite densities in sick children, and marked 
inflammatory cascades do not necessarily reduce 
parasite burdens in humans or in experimental models. 
Clearly, this is an important area for further investiga- 
tion. Nonetheless, these speculations help to highlight 



that the impact of the current blood-stage vaccines on 
malaria pathogenesis remains to be determined, even 
in preclinical models. 

Conclusions 

Because they are blood-borne, malaria-causing para- 
sites have access to multiple organs, including the 
bone marrow, spleen, brain, lungs and placenta. The 
binding of R falciparum EMP1 to diverse endothelial- 
cell-expressed receptors concentrates parasites 
in certain sites. Parasite toxins, such as GPI and 
haemozoin, induce acute-phase immune responses, 
with local activation of monocytes and the vascular 
endothelium. GPI also contributes to early IFN-yand 
counter-regulatory IL-4 production, by functioning as 
a ligand for the CD Id-restricted NKT-cell arm of the 
immune system. The overall balance of T H 1 and T H 2 
cytokines at this stage of the cascade is determined 
to a considerable extent by the polymorphic loci in 
the NKC. Chemokine cascades recruit intravascular 
macrophages and inflammatory cells to diverse target 
organs, with subsequent deposition of platelets and 
fibrin. Various lymphoid- cell lineages might further 
contribute to disease, through the production of pro- 
inflammatory cytokines, such as IFN-y. Counter- 
regulatory T H 2-cell responses might downregulate 
disease and promote parasite clearance through anti- 
body formation. Much severe pathology in malaria 
therefore has an immunological basis, although this 
remains poorly investigated for certain key processes 
such as metabolic acidosis, which is the strongest 
prognostic indicator of malarial fatality 88 and one 
of the least understood aspects of pathogenesis. The 
importance of immune processes in malaria patho- 
genesis in humans is further exemplified by clear 
associations of genetic polymorphisms in immune 
loci — such as those encoding MBL, CD36, CD40 
ligand, TNF, IFN-y, IL-4 and the p40 subunit of IL- 1 2 
— with altered risk of disease 132 . Credible model sys- 
tems allowing hypothesis testing by experimentation 
show that multiple convergent factors are required, 
and few components are sufficient, for disease pro- 
gression, indicating that there are multiple potential 
points of intervention in humans. Because T cells 
contribute to these processes, vaccination strategies 
should avoid exacerbating disease, by the induction of 
appropriate counter- regulatory mechanisms or by the 
neutralization of pathogenic parasite products. 
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Severe malarial anemia of low parasite burden in rodent models results from 
accelerated clearance of uninfected erythrocytes 

Krystal J. Evans, Diana S. Hansen, Nico van Rooijen, Lynn A. Buckingham, and Louis Schofield 



Severe malarial anemia (SMA) is the most 
frequent life-threatening complication of 
malaria and may contribute to the major- 
ity of malarial deaths worldwide. To ex- 
plore the mechanisms of pathogenesis, 
we developed a novel murine model of 
SMA in which parasitemias peaked around 
1 .0% of circulating red blood cells (RBCs) 
and yet hemoglobin levels fell to 47% to 
56% of baseline. The severity of anemia 
was independent of the level of peak or 
cumulative parasitemia, but was linked 

Introduction 



kinetically to the duration of patent infec- 
tion. In vivo biotinylation analysis of the 
circulating blood compartment revealed 
that anemia arose from accelerated RBC 
turnover. Labeled RBCs were reduced to 
1% of circulating cells by 8 days after 
labeling, indicating that the entire blood 
compartment had been turned over in 
approximately one week. The survival rate 
of freshly transfused RBCs was also mark- 
edly reduced In SMA animals, but was not 
altered when RBCs from SMA donors 



were transferred into naive recipients, 
suggesting few functional modifications 
to target RBCs. Anemia was significantly 
alleviated by depletion of either phago- 
cytic cells or CD4+ T lymphocytes. This 
study demonstrates that immunologic 
mechanisms may contribute to SMA by 
promoting the accelerated turnover of 
uninfected RBCs. (Blood. 2006;107: 
1192-1199) 

© 2006 by The American Society of Hematology 



Plasmodium falciparum malaria infects 10% of the global popula- 
tion, causing 2 million fatalities annually. 1 Severe malarial anemia 
(SMA) is the most prevalent serious complication of malaria, the 
commonest life-threatening syndrome, and may be the leading 
cause of malarial deaths worldwide. 2 Despite high relevance to 
human welfare, the molecular and cellular basis of SMA 
remains obscure. 

SMA is thought to arise from both decreased red blood cell 
(RBC) production and increased RBC destruction. Destruction of 
RBCs can occur as a result of parasite invasion and replication; 
however, in malaria-endemic areas SMA is consistently observed 
at relatively low parasite burdens. For example, in Gambian 
children SMA was associated with a geometric mean of parasite 
density of 10 470 parasites per u,L, around 0.2% of circulating 
cells. 3 Mathematic modeling of hematologic data from experimen- 
tal human P falciparum infections, 4 as well as analysis of clinical 
data from endemic areas, 5 has suggested that up to 12 uninfected 
RBCs (uRBCs) are lost for every infected RBC. Thus it is widely 
accepted that the direct destruction of RBCs following parasitiza- 
tion cannot account for the degree of anemia observed during 
malaria infection, suggesting that the destruction of uRBCs is the 
major cause of hemoglobin (Hb) loss. 6 

Increased destruction of uRBCs is proposed to result from 
mechanisms such as bystander intravascular hemolysis or acceler- 
ated senescence, arising from lipid peroxidation, 7 reduced red cell 
deform ability, 8 modification by surface-bound IgG or comple- 
ment, 9 up-regulation of host phagocytic function, 10 and adsorption 



of parasite-derived antigens." Many of these proposed mecha- 
nisms are derived from observational studies of human malaria 
infection in endemic areas. Correlative clinical data often require 
further experimental hypothesis testing to determine casual pro- 
cesses, particularly within in vivo experimental models. However, 
the study of RBC destruction in rodent models of malaria is 
confounded by the development of hyperparasitemia, with levels of 
infection peaking between 25% to 75% of circulating RBCs, 12 
resulting in a predominantly hemolytic anemia. Hyperparasitemia 
in humans is uncommon in malaria holoendemic areas and is often 
defined as more than 5% infection of peripheral RBCs (more than 
250 000 parasites/ p,L). Based on these definitions, almost all naive 
murine malaria infections can be classified as hyperparasitemic, 
and the associated hemolytic anemia may not be reflective of SMA 
in human populations. 

Therefore, in this study, we sought to investigate the destruction 
of RBCs in rodent models of SMA that are uncomplicated by 
excessive parasite burdens. The World Health Organization (WHO) 
definition of SMA is hemoglobin (Hb) levels less than 50 g/L (5 
g/dL) in the presence of parasitemia of at least 10 000/p.L (0.2% of 
peripheral RBCs) and a normocytic blood film. 13 We observed the 
development of this degree of anemia with low parasite burdens in 
semi-immune BALB/c mice and in naive Wistar rats infected with 
P berghei ANKA, with kinetic features similar to those observed in 
experimental malaria infections of semi-immune Aotus i4J5 and 
naive humans. 416 Using these models, we demonstrate that SMA 
arises from the accelerated turnover of uRBCs, and that phagocytic 
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cells and CD4 + T lymphocytes are significantly involved in disease 
pathogenesis. This suggests that SMA may be mediated in part by 
immunopathologic processes. 17 



Materials and methods 

Rodent malaria infections and profiles of SMA 

BALB/c mice aged 7 to 8 weeks or 15-week-old Wistar rats were injected 
intraperitoneally with 10 4 or 10 6 P berghei ANKA-infected RBCs, 
respectively. Parasite and reticulocyte levels were monitored every 2 days 
by Giemsa-stained thin blood film and are expressed as a percentage of 
more than 500 RBCs. The day of patency was determined following 
microscopic examination of 5000 RBCs. Hb was measured by absorbance 
at 540 nm of 4 u,L tail-vein blood suspended in 1 mL Drabkin reagent 
(Sigma, St Louis, MO) and is expressed as a percentage of baseline levels. 
Hematocrit (Hct) was determined by diluting 2 jjlL tail-vein blood in 5 mL 
PBS and counting by hemocytometer. Hb and Hct were tightly correlated, 
and Hct was calculated using percentage change in Hb level and a resting 
Hct of 6 X 10 9 cells/mL. 

Generation of semi-immune mice 

Cohorts of infected mice were treated at day 6 after infection with 
chloroquine (10 mg/kg intraperitoneally) and pyrimethamine (10 mg/kg 
intraperitoneally) daily for 5 days. Mice were rested for 2 weeks and 
rechallenged with 10 4 P berghei ANKA. During subsequent rounds of 
infection, mice were monitored and drug-cured prior to parasitemias 
reaching 5%. Mice underwent 4 to 5 cycles of drug-cured infection before 
being challenged with 10 4 P berghei parasites. 

Phenylhydrazine treatment 

Mice were injected intravenously with 60 mg/kg phenylhydrazine (PHZ; 
Sigma), or PBS, on 2 consecutive days. Hb from tail-vein blood was 
quantified in Drabkin reagent using a'3-poim triangulation method (500, 
540, and 600 nm). 

In vivo biotinylation of RBCs 

RBCs of semi-immune mice and naive rats were labeled in vivo by 
intravenous injection of EZ-Link Sulfo-NHS-Biotin (Pierce, Rockford, IL) 
in PBS at dosages of 0.75 to 1 .0 mg per mouse and 3.0 to 4.5 mg per rat. For 
transfer experiments, RBCs were collected by heparinized cardiac puncture 
4 hours after labeling, washed, and resuspended in PBS. 

Carboxy-fluorescein succinimidyl ester (CFSE) 
labeling of RBCs 

RBCs from naive mice were harvested by heparinized cardiac puncture and 
washed 3 times in warm PBS. Cells were incubated with 10 \xM CFSE 
(Molecular Probes, Eugene, OR) for 30 minutes in the dark at 37°C, 
washed, and resuspended in PBS. 

RBC transfers 

Labeled RBCs were injected intravenously into naive and semi-immune 
mice (100-150 uL). The total number of labeled cells transferred was 
calculated from flow cytometry positive percentages multiplied by Hct. 
Survival rates of labeled cells are expressed as a percentage of the initial 
transferred population. Naive mice receiving RBCs from infected donors 
were maintained on pyrimethamine-treated drinking water (70 mg/L) to 
prevent the establishment of P berghei infection. 

Flow cytometry of biotinylated RBCs 

Heparinized tail-vein blood (2 uX) was washed with PBS, incubated with 
strepavidin-conjugated phycoerythrin (PE; Pharmingen, San Diego, CA) at 



room temperature in the dark for 30 minutes, washed again, resuspended in 
PBS, and analyzed by flow cytometry. 

In vivo depletion of phagocytic cells 

Clodronate (gift of Roche Diagnostics, Mannheim, Germany) was 
encapsulated in liposomes as described earlier. 18 P berghei-infecied 
semi-immune mice received 200 uL intravenously of clodronate- 
liposomes in PBS or PBS alone on day of patency and 150 uL 
intravenously 4 days after patency. 

In vivo depletion of CD4 + T cells 

P berghei-infected semi-immune mice received 300 p.g rat antimouse CD4 
mAb (GK1.5) or an isotype-matched control rat mAb (GL121) in PBS 
intravenously on day of patency, and 300 u,g intraperitoneally on days 2, 4, 
6, 8, and 10 after patency. Flow cytometry revealed less than 0.1% splenic 
CD4 + cells 24 and 48 hours after GK1 .5 administration. 

Statistical analysis 

Data are expressed as the mean plus or minus the standard error about the 
mean (SEM) and Student unpaired t tests were performed. A permutation 
test devised by Dr Russell Thomson (WEHI Bioinformatics .Group) 19 was 
used to assess differences between Hb profiles over the course of infection. 



Results 

Semi-immune mouse model of SMA at low parasite burden 

Semi-immune BALB/c mice were generated by successive cycles 
of infection with 10 4 P berghei followed by antimalarial drug-cure. 
When challenged with 10 4 P berghei, the kinetics of infection in the 
semi-immune cohort varied considerably between individuals 
(Figure 1 A) and the day of patency occurred between day 10 to day 
22 after infection. Independent of the time-to-patency, parasitemias 
resolved rapidly, without chemotherapy, within 6 days of patency. 
The peak values and kinetics experienced by individual animals 
were averaged (Table 1 ). In semi -immune mice, the average peak 
parasitemia was 0.94%, which occurred approximately 2 days after 
patency. Naive, age-matched BALB/c inoculum controls devel- 
oped parasite burdens in excess of 60% by day 16 after infection 
(Figure IB). At this time, naive mice were severely anemic, with 
Hb levels at 30% of baseline. Naive animals displayed a high 
incidence and severity of hematuria, and anemia was attributed to 
the hemolysis of infected RBCs. In contrast, semi-immune mice 
experienced severe anemia in response to a self-resolving, low 
burden of parasitemia (< 1%), with rapid decreases in Hb follow- 
ing the peak in parasitemia (Figure 1 A). Minimum Hb levels were 
seen 4. 1 days after patency, 2 days after the peak in parasitemia, 
representing a loss of 45% of baseline Hb in 96 hours. Hb levels 
were strongly correlated with Hct (R 2 = 0.835), consistent with the 
normochromic profile of SMA in humans. Reticulocyte levels 
peaked at 35% of circulating cells at 5.9 days after patency, 2 days 
after the anemic crisis, and returned to baseline upon the resolution 
of anemia. The correlation between minimum Hb and maximum 
parasitemia was very poor (R 2 = 0.073, Figure 1C), indicating that 
the degree of anemia was independent of the level of peak 
parasitemia. Although the day of patency was highly variable, it did 
not impact the development of anemia as minimum Hb levels were 
independent of the time to patency (R 2 = 0.054). Following 
patency, however, the subsequent kinetics of infection, anemia, and 
compensatory reticulocytosis were very tightly linked (Table 1). 
The data from individual mice were normalized to the day of 



1194 EVANSetal BLOOD, 1 FEBRUARY 2006 • VOLUME 107, NUMBER 3 




10 20 
Days after infection 



B 




4 6 S JO 12 

Days after infection 




0.5 1 15 

Peak parasitemia (%) 



Figure 1. Severe malarial anemia at low parasite 
burden in rodent malaria infections. (A) Represen- 
tative data from 3 infected semi-immune BALB/c 
mice showing parasitemia (•) and Hb levels (▲) 
following infection with 10 4 P berghei. (B) Para- 
sitemia (•) and Hb levels (▲) of naive inoculum 
control BALB/c mice. (C) Lack of correlation between 
peak parasitemia and minimum Hb levels in infected 
semi-immune mice. (D) Parasitemia (•), reticulocyte 
levels (O), and Hb (a) of semi-immune mice normal- 
ized to the day of patency. (E) Mean parasitemias 
(•), reticulocyte levels (O), and Hb (a) in naive adult 
rats infected with P berghei. n = 14 ± SEM for 
immune mice; n = 6 ± SEM for naive mice and naive 
rats. 
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patency (Figure ID), revealing very low variance in the data set and 
establishing a novel murine model of SMA at low parasite burden. 

Naive rat model of SMA at low parasite burden 

We sought to determine whether SMA at low parasite burden could 
be replicated in naive rodent hosts. Naive Wistar rats aged 15 
weeks were challenged with 10 6 P berghei, and parasitemia, Hb, 
and reticulocyte levels were determined over the course of 
infection (Figure IE) as well as mean minimum and maximum 
values (Table 2). The period of patent infection was protracted, 
beginning on days 6 to 8 after infection, peaking at 3.4% iRBC and 
resolving by days 15 to 17 after infection. Following the onset of 
patency, there was a rapid and considerable loss of Hb beginning on 
days 8 to 10 after infection, with prolonged anemia reaching an 
average nadir of 39% of baseline on day 13.0 after infection. 
Sustained reticulocyte production occurred in response to anemia, 
with a sharp escalation in circulating reticulocytes at day 1 3, which 
remained high until day 17. This facilitated an increase in Hb levels 
and reticulocyte levels returned to basal levels as rats recovered 
from anemia. 



The period and duration of patent infection was linked to the 
period and duration of anemia in both the semi-immune mouse 
model and the naive rat model of SMA. Semi-immune mice 
experienced an average of 4.6 ± 0.5 days of patent parasitemia and 
5.1 ± 0.5 days of anemia (< 75% of baseline Hb). In naive rats, 
patent infections lasted an average of 10.3 ± 0.2 days and the 
corresponding period of anemia was 9.9 ± 0.2 days. The cumula- 
tive parasitemias over the course of infection could not account for 
the magnitude of anemia experienced, and while the degree of 
anemia was independent of peak parasitemias (Figure 1C), the 
duration of patency and duration of anemia were closely associated 
in both rodent models. 

Reticulocyte production during SMA 

To assess the responsiveness of the erythropoietic compartment, 
reticulocyte production during SMA was examined in semi- 
immune mice. The peak level of circulating reticulocytes correlated 
with the degree of anemia (Figure 2 A). To determine whether the 
magnitude of the erythropoietic response was physiologically 
appropriate, reticulocyte production during SMA was compared 



Table 1 . The average kinetics and magnitude of peak parasitemia, 
minimum Hb, and peak reticulocyte levels during P berghei 
infection of semi-immune mice 





Peak day after patency 


Peak value, % 


Parasitemia 


1 .7 ± 0.40 


0.94 ± 0.17 


Minimum Hb 


4.1 z 0.25 


55.2 ± 2.2 


Reticulocytes 


5.9 ± 0.39 


34.8 ± 3.9 



n = 14 ± SEM. 



Table 2. Magnitude and kinetics of individual peak parasitemia, 
minimum Hb, and peak reticulocyte levels during P berghei 
infection of naive rats 





Peak day after patency 


Peak value, % 


Parasitemia 


9.6 ± 0.6 


3.4 ± 0.5 


Minimum Hb 


13.0 ± 0.9 


39.0 ± 1 .4 


Reticulocytes 


16.0 ±0.3* 


52.0 ± 4.2 



n = 6 ± SEM. 
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Figure 2. Erythropoietic response to severe malarial anemia in semi-immune 
mice. (A) Correlation between peak reticulocyte levels and minimum Hb levels during 
SMA in semi-immune mice (n = 14). (B) Hb (A and A) and reticulocyte (• and O) 
levels ± SEM in mice with SMA (▲ and n = 4) or nonmalarial PHZ- induced anemia 
(A and O, n = 6). Mice were selected for equivalent levels of anemia and data are 
normalized to the day of peak anemia (day = 0). "P < .01 ;"'P< .001 . 

with that in mice with similar losses of Hb due to nonmalarial 
causes. The administration of PHZ in vivo results in the hemolysis 
of RBCs, inducing a dose-dependent anemia with appropriate 
compensatory erythropoiesis. PHZ-treated mice experienced a 
reduction of Hb to 40% of baseline levels, and a subset of mice with 
comparable levels of SMA was selected from a semi-immune 
cohort and data were normalized to the day of minimum Hb (Figure 
2B). Intravascular hemolysis caused pronounced hematuria in 
PHZ-treated mice, as was observed in naive hyperparasitemic 
animals. However, this condition was not observed in the semi- 
immune SMA model despite a similar magnitude of anemia, 
indicating that intravascular hemolysis was not a major contribu- 
tory mechanism to SMA in the semi-immune model. The kinetics 
and magnitude of reticulocyte production were similar in both 
PHZ-treated and SMA mice, with reticulocyte responses peaking 2 
days after minimum Hb levels at 45% and 50%, respectively. Thus, 
the erythropoietic response to SMA was intact and appropriate for 



die degree of anemia experienced. Hb levels in PHZ-treated mice 
returned to baseline 7.0 ± 1 .0 days after reaching minimum levels. 
Despite comparable levels of severe anemia and compensatory 
reticulocytosis, malaria-infected mice had significantly reduced Hb 
levels on days 4, 6, and 8 (P < .01) (Figure 2B) and took 12 ± 1 .3 
days to return to baseline (not shown). This reduced capacity to 
restore Hb suggests ongoing destruction or compromised survival 
of RBCs during recovery from SMA. 

Accelerated RBC turnover during SMA 

To determine the survival rates of RBCs in the semi-immune model 
of SMA, in vivo biotinylation of the circulating blood compartment 
was undertaken on the day of patency and cell survival was traced 
by flow cytometry (Figure 3A). Biotinylation of RBCs is widely 
used in experimental and clinical settings 20 - 21 and revealed no 
impact on RBC survival in vivo (Figure 3A, inset). During the 
course of SMA, there was a 50% reduction in labeled RBCs 
between day 0 and day 4 after patency, with a concurrent 49% 
reduction in Hb levels (Figure 3A), demonstrating that the clear- 
ance of RBCs from circulation accounts for the severity of anemia. 
Between days 4 and 8 after patency, Hb levels stabilized and began 
to rise; however, the level of labeled RBCs continued to decrease, 
falling to 1% of circulating cells by day 8 after patency. This 
indicated that the entire initial blood compartment (9 x 10 9 cells) 
had been turned over in approximately one week (Figure 3B). 
Animals were followed for 20 days after patency till baseline Hb 
levels were restored, and labeled RBCs did not reappear in 
circulation throughout this time (data not shown). This demon- 
strates that labeled RBCs did not participate in the restoration of Hb 
levels and suggests that the RBCs had been destroyed. 

The extent and rate of RBC clearance in the naive Wistar rat 
model of SMA was determined by in vivo biotinylation of 
circulating RBCs at different time points following P berghei 
infection (Figure 3C). Cells were labeled on day 6, the day of 
patency; day 10, the day of peak anemia; and day 13, the midpoint 
of the anemic crisis, and showed similar rates of clearance from 
circulation (Figure 3C). A 50% reduction in the total number of 
labeled RBCs in circulation was observed 4.3, 3.2, and 4.0 days 
from days 6, 10, and 13 after infection, respectively, indicating that 
accelerated RBC turnover occurred at similar rates throughout the 
course of infection. Of interest, the level of biotinyiated RBCs 
continued to decrease between days 17 and 24 after infection 
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Figure 3. Accelerated RBC turnover during severe malarial anemia. (A) Survival of the circulating RBC population biotinyiated on the day of patency in semi-immune mice 
infected with P berghei P) and Hb levels (A). Basal turnover of biotinyiated RBCs in noninfected mice is shown in inset (O). Cell survival was monitored by flow cytometry and 
is expressed as a percentage change in total number of initial biotinyiated RBCs. n - 4 ± SEM. (B) Representative flow cytometry profile of biotinyiated RBCs in (i) an infected 
semi-immune mouse and (ii) naive resting control mouse on days 0 (day of labeling) and 8 after patency. (C) Survival of circulating RBC populations in naive rats, biotinyiated 
on day 6 (•), day 10 (□), and day 13 (A) after patency. Basal turnover of biotinyiated RBCs in uninfected rats is shown in inset (O). Cell survival was monitored by flow 
cytometry and is expressed as a percentage change in total number of initial biotinyiated RBCs. n = 3 ± SEM per group. 
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Figure 4. RBC fate is not determined by changes to target cells. (A) Naive RBCs were labeled with CSFE (•) or biotin (O) and adoptively transferred into infected 
semi-immune mice on day 2 or day 4 after patency, respectively. Survival was monitored by flow cytometry and is expressed as a percentage change in total number of 
transferred RBCs; n = 6 ± SEM. The inset shows the percentage change in Hb (a) in semi-immune mice over the same period of days after patency. (B) Comparison of rate of 
the survival of naive CSFE-labeled (•), naive biotin-labeled (O), and resident host biotin-labeled (■) cells in semi-immune mice. Values are expressed as percentage change in 
the total number of celts present from day 4 after patency (100%). n = 6 ± SEM. (C) RBCs from (i) noninfected naive mice, (ii) nonanemic semi-immune mice on the day of 
patency, and (iii) anemic semi-immune mice on day 4 after patency were biotinylated in vivo and adoptively transferred into naive recipients. Survival was monitored by flow 
cytometry. Plots show circulating RBC populations in the recipients on the day of transfer (day 0) and day 6 after transfer. Survival rate values show the mean percentage 
survival of cells from each donor group on day 6 after transfer, n = 5 ± SEM. 



(Figure 3C) when parasites were no longer detectable in circula- 
tion. This suggests that the mechanism driving RBC clearance 
remained active after patent parasitemias had resolved. 

Accelerated turnover of transfused RBCs during SMA 

We sought to compare the clearance rates of freshly transfused 
RBCs with those of resident host RBCs during SMA. Differentially 
labeled RBCs from naive noninfected mice were transfused into 
infected semi-immune mice at day 2 after patency (CFSE-labeled) 
and day 4 after patency (biotin-labeled). Transfer populations were 
limited to 5% to 10% of circulating cells to minimize the impact on 
recipient Hct. To control for the efficiency of RBC transfer between 
groups, cell survival was expressed as the percentage change in the 
total number of transferred cells in circulation, as monitored by 
flow cytometry (Figure 4A). When transferred into noninfected 
naive controls, CFSE- and biotin-labeled RBCs showed survival 
rates of 66% and 65%, respectively, by day 14 after transfer (not 
shown). However, when transferred into SMA mice on day 2 after 
patency, naive CSFE-labeled RBCs underwent rapid clearance 
with a 68% decrease in cell number within 48 hours of transfer. 
This corresponded with the period of anemic crisis of the host 
(Figure 4A, inset). Naive biotin-labeled cells were then transferred 
into semi-immune mice on day 4 after patency, the point of 
minimum Hb. These transferred cells were 50% cleared from 
circulation 4.5 days after transfer, corresponding to day 8.5 after 
patency. The clearance rates of naive cells transferred on days 2 and 
4 after patency were compared with the clearance rate of labeled 
host RBCs (Figure 4B). Cell survival is expressed as the percentage 
change of total cell number from day 4 after patency onward. 
Clearance rates were not significantly different, regardless of 
whether RBCs were long-term host residents or had been trans- 
ferred at different time points after patency. Thus during SMA, 
RBCs transferred from naive donors were cleared concurrently 
with resident host cells, and the length of time RBCs were exposed 
to the host environment in infected anemic animals did not 
influence cell survival rates. 



Normal survival of RBCs from SMA donors in resting recipients 

Next, we sought to determine whether RBCs taken from semi- 
immune mice undergoing SMA were subject to accelerated clear- 
ance when transferred into naive resting recipients. RBCs were 
taken from 3 donor groups: noninfected, nonanemic controls 
(Figure 4Ci); infected semi-immune mice on the day of patency 
(Figure 4Cii); and infected semi-immune mice 4 days after patency, 
during the peak of anemic crisis (Figure 4Ciii). Donor RBCs were 
biotinylated in vivo, harvested, transferred into naive recipients, 
and traced by flow cytometry to determine cell survival. RBCs 
from the 3 donor groups showed no difference in their rates of 
clearance in naive recipients (Figure 4C). On day 6 after transfer, 
the survival of RBCs was 83%, 84%, and 83% for control, day 
of patency, and day 4 after patency donors, respectively 
(P — .46). Therefore, RBCs from SMA donors displayed normal 
survival in naive resting recipients, suggesting no intrinsic 
changes to the RBCs themselves. Thus, alterations to the host 
environment may be responsible for the accelerated RBC 
turnover clearance during SMA. 

Depletion of phagocytic cells alleviates SMA 

The contribution of host phagocytic cells to the development of 
SMA was investigated by liposome-encapsulated clodronate deple- 
tion of macrophage populations. 22 Clodronate depletion of phago- 
cytic macrophages resulted in significantly higher peak para- 
sitemias, 6.3% ± 0.9% by day 4 after patency versus 2.5% ± 0.7% 
for PBS-treated controls (P < .001) (Figure 5A). Thus, macro- 
phages contribute significantly to effector mechanisms controlling 
P berghei parasitemia in semi-immune mice. However, despite 
increased parasite burdens, the depletion of phagocytic cells 
alleviated the severity of SMA, with higher Hb levels on day 4 
(P < .001) and day 6 (P < .01) after patency (Figure 5B). Protec- 
tion from SMA after phagocyte depletion was transient, with the 
anemic crisis delayed by 4 days. The Hb profile of mice depleted of 
phagocytic macrophages was significantly different to that of 
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Figure 5. Depletion of immune effector cells alleviates SMA in semi-immune 
mice. (A) Parasitemia and (B) Hb levels, in phagocyte-depleted semi- immune mice 
(open symbols) and control semi-immune mice (closed symbols), normalized to the 
day of patency, n = 9 t. SEM. (C) Parasitemia and (D) Hb levels, in CD4 + 
cell-depleted (open symbols) and control (closed symbols) mice, normalized to day 
of patency. Mean individual minimal Hb levels for CD4 + cell-depleted (open bars) 
and controls (closed bars) are shown in the inset, n = 8 ± SEM for the CD4 + 
T-cell-depleted and n - 7 ± SEM for control groups. *P < .05; "P < .01 ; *"P < .001 . 

controls across the entire curve (f* < .001 ), implicating this 
population in the pathogenesis of SMA. 

CD4 + T cells contribute to the severity of SMA 

As T lymphocytes are key regulators of macrophage function, we 
sought to determine whether CD4 + T cells play a role in the 
etiology of SMA of low parasite burden. CD4 + T cells of infected 
semi-immune mice were depleted by in vivo administration of lytic 
monoclonal antibody from the day of patency. Controls received a 
non lytic antibody of the same isotype. The average peak para- 
sitemias in the 2 groups were similar at 2.0% (Figure 5C). 
Depletion of CD4 + T cells modestly influenced the kinetics of 
infection with a delay in peak parasitemia and an inability to 
completely resolve infection (Figure 5C). Despite this, mice 
depleted of CD4 + T cells showed delayed kinetics in the onset of 
the anemic crisis (Figure 5D) with significantly higher Hb levels on 
day 4 (P < .001) and day 6 (P < .05) after patency. Across the 
cohort, anemia was significantly alleviated in CD4-dep!eted mice 
with average minimum Hb levels of 65% of baseline compared 
with 47% in controls (P < .001; Figure 5D, inset). 



Discussion 

It has long been proposed that the degree of anemia experienced 
during clinical malaria infection cannot be completely accounted 
for by the loss of RBCs due to the level of parasitemia, leading to 
the idea that SMA arises in part from the destruction of nonparasit- 
ized cells. 4 * 16 Clinical and experimental malaria literature has 
acknowledged that acute infections in naive mouse models do not 
accurately recapitulate this phenomenon, due to the high burdens of 
parasitemia experienced. 23,24 The novel semi-immune BALB/c 
model developed in this study, however, shows the development of 
SMA at low parasite burden. Following normalization to the day of 
patency, hematologic profiles displayed highly correlated and 
predictable parameters of infection, anemia, and recovery, thus 
establishing the semi-immune BALB/c mouse as a robust and 
amenable experimental model of SMA. 



The profiles of SMA from individual semi-immune BALB/c 
mice bear a striking resemblance to those of semi-immune Aotus 
monkeys challenged with P falciparum™ with the onset of anemia 
at low parasite burden closely following the development of a 
patent infection. Of importance, similar profiles of SMA at low 
parasite burden are seen in both experimental P falciparum 
infections in naive humans 4 and in naturally acquired infections in 
endemic regions. 3 SMA of low parasite burden is consistently 
observed in multiple hosi-Plasmodium combinations: semi- 
immune moust-berghe i (Figure 1 D), naive ral-berghei (Figure IE), 
semi-immune Aotus-falciparum, 1415 semi-immune and naive hu- 
man-falciparum, 4 and naive human- vivax, 16 suggesting that the 
mechanisms of pathogenesis are conserved across taxa. The 
conclusion of Jakeman et al 4 and Egan et al 14 regarding the 
pathogenesis of SMA in P falciparum infections of Aotus and 
humans was that anemia must result from the accelerated destruc- 
tion of uRBCs; however, no experimental evidence of this phenom- 
enon has been presented. The semi-immune BALB/c mouse model 
and the naive Wistar rat model of SMA at low parasite burden 
provide experimental demonstration of the accelerated destruction 
of uRBCs during malaria infection. 

In the semi-immune mouse model, severe anemia develops in 
response to malaria infection at low parasite burden in the presence 
of appropriate erythropoietic responses. Therefore, this model 
allows assessment of the contribution of increased RBC destruction 
to the development of anemia, as confounding factors such as 
decreased RBC production and RBC loss due to parasite invasion 
have been minimized. In semi-immune mice, the clearance of 
RBCs from circulation accounted for the severity of Hb loss at the 
onset of SMA; however, accelerated turnover of RBCs continued 
even while Hb levels were restored (Figure 3A). The extent of RBC 
loss during the anemic crisis included the entire initial blood 
compartment of 9 x 10 9 cells and may indeed be greater due to 
ongoing RBC loss during the recovery phase. In semi-immune 
mice, cumulative parasitemias were calculated to be approximately 
3% of circulating cells over the course of infection, which suggests 
a ratio of more than 30: 1 loss of nonparasitized-parasitized RBCs 
during SMA. Previously calculated ratios of approximately 10:1 
during human SMA 4 - 5 may therefore be underestimates, as RBC 
losses were deduced from net minimum Hb values without 
adjusting for ongoing cell turnover during recovery. There is 
evidence for continuing RBC turnover during human SMA, as 
recovery rates of Hb are reduced compared with anemia due to 
other causes (eg, blood loss trauma), 5 and anemia is known to 
persist after clearance of parasites. 25 This phenomenon was 
recapitulated in the murine model, with delayed recovery from 
SMA compared with PHZ-induced hemolysis (Figure 2B). 
Together, the data support a protracted period after peak anemia, 
in which clearance of RBCs continues in the absence of a patent 
infection, accounting for the impeded return to baseline Hb 
levels during SMA. 

Accelerated RBC turnover in human SMA is proposed to result 
from acquired changes to the surface or structure of noninfected 
RBCs that target them for destruction either by intravascular 
hemolysis or immune-mediated clearance. 6 High levels of intravas- 
cular hemolysis induce hematuria in both mice 26 and humans, 27 but 
hematuria is uncommon in clinical malaria infections in endemic 
areas 28 and was not observed in the SMA models elucidated here. 
Hb balance studies of malaria patients suggest that extravascular 
clearance is the major mechanism of RBC destruction during 
infection, 29 and therefore it is unlikely that intravascular hemolysis 
is a major contributory mechanism to SMA at low parasite burden. 
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RBC transfer experiments revealed that cells fated for destruc- 
tion in hosts experiencing SMA did not express sufficient changes 
to cause accelerated clearance in a normal resting animal, and, 
upon transfusion, fresh cells from naive donors were cleared at the 
same rate as resident RBCs in an SMA host (Figure 4). These 
findings suggest that changes to target RBCs play a minimal role in 
the etiology of SMA in semi-immune mice, and, conversely, mice 
experiencing SMA express a physiologic status sufficient to cause 
accelerated destruction of RBCs independent of the target cell 
history. This is consistent with the previously reported lack of 
detectable modifications such as immunoglobulin or complement 
deposition on RBCs in the semi-immune Aotus model 15 and the 
lack of a consistent association of positive direct antiglobulin test 
(DAT) and SMA in humans. 30 * 31 The survival curves of naive RBCs 
transferred into infected semi-immune mice showed strong similari- 
ties to the survival curves of compatible donor RBCs transferred 
into the circulation of patients recovering from P falciparum and P 
vivax infection. 10 32 These studies demonstrated that during human 
malaria infection RBCs have a significantly shortened mean cell 
half-life and that both autologous and compatible donor RBCs 
experience clearance from circulation at equal rates following 
successful treatment with antimalarial drugs. This provides a 
clinical validation of the processes occurring in rodent models and 
the combined transfer data suggest that changes extrinsic to the 
RBCs themselves may be responsible for their accelerated clear- 
ance. Further to this, transfusion studies conducted during the 
treatment of anemic Kenyan children showed that 25% of patients 
receiving blood transfusions experienced rises in Hb of less than 
20 g/L (2 g/dL), and that 25% of severely anemic children 
maintained Hb less than 50 g/L (5 g/dL) after transfusion. 33 A 
continuing destruction of RBCs, independent of their source, may 
account for exacerbated anemia in the face of appropriate therapeu- 
tic intervention and explain the relatively poor ability of transfu- 
sion to elevate Hb levels in these patients. 

The significant alleviation of SMA by depletion of host CD4 + T 
cells or phagocytic cells (Figure 5) establishes the contribution of 
immune mechanisms to the pathogenesis of SMA. Hb levels were 
35% greater in phagocyte-depleted and 64% greater in CD4 + - 
depleted semi-immune mice on day 4 after patency compared with 
non treated controls. The data presented here strongly support the 
notion that, akin to other life-threatening malarial pathologies, 17 
SMA is mediated in part by immunopathogenic mechanisms. In 
particular, we propose that the destruction of uRBCs may result 
from a hyperactivated phagocytic system. Phagocytosis of non in- 
fected RBCs has been documented during human infections, 34 - 35 
and hyperphagocytosis has been implicated in malarial thrombocy- 
topenia. 36 Constitutive or basal homeostatic RBC clearance is 
predominantly mediated by splenic red pulp macrophages, and 
increased recruitment or activation of this population during 
malaria infection may accelerate splenic RBC clearance. SMA in 
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humans is associated with high serum levels of neopterin, a marker 
of macrophage activation, induced particularly by IFN-7. 37 These 
observations have led to the proposal that SMA has an inflamma- 
tory etiology. 38 Counterregulatory T H 2 cytokines such as IL-4 37 and 
IL-10 39 * 40 are inversely associated with malarial anemia, suggesting 
that a loss of host cytokine regulation contributes to the severity of 
disease. Thus, the accelerated turnover of RBCs during SMA may 
be regulated by diverse factors controlling macrophage phagocytic 
activity and recruitment, such as host CD4 + T cells, cytokine/ 
chemokine cascades, and bioactive parasite products such as 
hemozoin 41 and glycosylphosphatidylinositol. 42 * 43 Significantly, 
adoptive transfer of parasite-specific, T H 1 CD4 + T-cell lines 
promotes anemia during naive P berghei infections, 44 and this may 
relate to the capacity of CD4 + T cells to up-regulate macrophages. 
As SMA is pronounced in Aotus immunized with P falciparum 
antigens, 1415 blood-stage vaccines that suppress parasitemias may 
not necessarily protect against the development of anemia. Whether 
T-cell priming by these experimental vaccines promotes SMA is 
not clear. Rodent models of SMA may provide useful preclinical 
test systems to assess further the efficacy of vaccines in prevention 
or promotion of this disease state. 

SMA does not result in fatality in the animal models presented 
here, as physiologically appropriate reticulocytosis eventually 
restored Hb to basal levels. In rodents, the erythropoietic response 
to acute anemia occurs predominantly in the spleen, and it is likely 
that extramedullary erythropoiesis facilitates the recovery from 
SMA in these models. However, in humans, SMA could be 
exacerbated or even fatal should erythropoietic suppression prevent 
adequate reticulocyte compensation. P falciparum infection is 
often associated with impaired erythropoietic responses, with 
patients displaying suboptimal reticulocyte levels for the degree of 
malarial anemia experienced. 45 - 46 Malaria-induced erythropoietic 
suppression has been studied in acute infections of experimental 
animal models, which have provided insights into the mechanisms 
of decreased RBC production during infection 47 50 During malaria 
infection, a decreased responsiveness to adequate levels of erythro- 
poietin may lead to suppressed development of erythroid precur- 
sors, resulting in an inappropriately low level of production of new 
RBCs, as recently reviewed. 24 Therefore, during SMA, erythropoi- 
etic suppression may overlap with the accelerated destruction of 
RBCs, leading to an exacerbated syndrome and fatality. The 
quantitative contribution of each mechanism may vary across 
differing clinical and epidemiologic settings, contributing to vary- 
ing patterns of malarial pathology. 51 As rodents are tractable 
models amenable to experimental perturbation, it may now be 
possible in bom acute and semi-immune infections to investigate 
more closely the multiple host and parasite factors proposed to 
influence these 2 contributory mechanisms to SMA in vivo. These 
findings thus extend further the use of rodent malarias as models 
for disease processes in humans. 
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Although it is now possible to isolate lym- 
phatic endothelial cells, in vitro systems to 
study their development were lacking. Embry- 
onic stem (ES) cells are extremely useful to 
study cellular differentiation processes in- 
volved in early-stage organ development be- 
cause they have the amazing potential to dif- 
ferentiate into a variety of different cell types 
in vitro, including the cellular constituents of 
the cardiovascular system. 4 Such experiments 
were instrumental for studying the differentia- 
tion of blood-vessel endothelial cells from me- 
sodermal progenitors. 

In this issue of Blood, Liersch and col- 
leagues report the induction of lymphatic en- 
dothelial-cell differentiation in ES cell-de- 
rived embryoid bodies. These cells were, 
positive for the panendothelial marker CD3 1 / 
PECAM-1 and the lymphatic endothelial 
markers Prox-1 and LYVE-1 (see figure), 
but negative for the blood vascular marker 
MECA-32. Lymphatic vessels frequently 
sprouted from blood-vessel structures, consis- 
tent with the in vivo observations. Of interest, 
the addition of certain growth factors known 
to induce Iymphangiogenesis in vivo revealed 
significant differences in their potential to 
promote lymphatic endothelial-cell differen- 
tiation in vitro: VEGF-C, and, to a lesser ex- 
tent, VEGF-A, promoted lymphatic vessel 
formation, whereas basic fibroblast growth 
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factor did not. Whether these differences indi- 
cate that Iymphangiogenesis in vivo involved 
indirect effects, or simply reflect limitations of 
the in vitro system, remains to be clarified. 

One interesting question that is not ad- 
dressed by the study is whether lymphatic 
endothelium forms solely by sprouting from 
blood-vessel endothelium, or whether it dif- 
ferentiates also de novo from endothelial pro- 
genitor cells, as blood-vessel endothelium 
does. In other words, is (lymph-) vasculogen- 
esis involved in lymph vessel formation? The 
authors plan to address this question in the 
future by time-lapse studies. Thus, the avail- 
ability of an in vitro system for studying the 
differentiation of lymphatic endothelium is a 
major step toward the elucidation of the mo- 
lecular events that govern the formation of the 
lymphatic vasculature. ■ 
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with failure to replace the red blood cell (RBC) 
pool even as a portion continues to be lost. 
Thus, one thesis is that a misfunctioningbone 
marrow and extra vascular removal of nonpara- 
sitized RBCs combine to bring about an SMA 
crisis leading to death if treatment is not pro- 
vided. 2 However, because of high rates of drug 
resistance and HIV in African countries, treat- 
ments fail and transfusions can be dangerous 
with their own fatal consequences. Further- 
more, despite adequate therapy, transfused 
RBCs are often rapidly removed despite declin- 
ing or absent levels of parasitemia. 3 A fuller un- 
derstanding of SMA etiology could provide for 
improved treatment protocols, and there is a 
need for animal models that mimic SMA in hu- 
man patients to obtain this knowledge. 

Evans and colleagues have devised such a 
model of SMA using Plasmodium berghei infec- 
tions in semi-immune mice and in malaria- 
naive rats. The rodent models mimic human 
SMA in that at low parasite burdens hemoglo- 
bin levels fall to less than 50% of normal at 
crisis and are independent of parasite loads but 
are related to chronicity . Prior studies of SMA 
in rodent malaria models relied on either fatal 
nonresolving infections or nonfatal resolving 
infections that were confounded by high para- 
sitemias and iRBC lysis. Of importance, the 
investigations of Evans et al indicate that intra- 
vascular hemolysis is not a contributory factor 
to SMA and that there is a near-complete 
turnover of the blood pool in a week. Further, 
it is shown that RBCs from naive mice are re- 
moved at the same rapid rate in infected mice 
with SMA with no accelerated clearance in 
normal mice of RBCs from infected mice, sug- 
gesting that changes to RBCs in infected mice 
to target their removal are not significant fac- 
tors in SMA. While it has been suspected that 
changes to the RBC surface such as Ig, 
complement, or, as recently reported, 4 parasite 
antigen deposition onto bystander cells might 
underlie an extravascular clearance mecha- 
nism in SMA, demonstration of these modifi- 
cations has been inconsistent in human SMA. 

The SMA model developed by Evans and 
colleagues does differ from SMA in humans 
since erythropoiesis in the rodent model does 
function, producing a strong compensatory 
reticulocytosis with eventual recovery and 
survival. In Plasmodium falciparum- induced 
human and nonhuman primate models of ma- 
lignant tertian SMA there is frequently a lack 
of compensatory reticulocytosis, 2 ' 5 whether 
parasites are patent or not, which leads to high 



Malaria: death and disappearing 
erythrocytes 



John W. Barnwell centers for disease control and prevention 



Severe anemia is the cause of a large proportion, if not a majority, of the 1 to 2 
million deaths of African children that are attributed to malaria each year. 



l ne hundred and twenty-five years after 
' the discovery of malaria parasites, re- 
markably, the mechanism(s) responsible for 
severe malarial anemia (SMA) syndrome are 
not well understood. Certainly, anemic states 
develop in malaria cases exhibiting hyperpara- 
sitemia or blackwater fever through intravas- 
cular hemolysis. However, these cases repre- 
sent a very minor portion of the malarial 
anemia burden encountered in areas of en- 
demic transmission. SMA in Sub-Saharan 



Africa and other areas of high to moderate 
malaria transmission occurs in younger chil- 
dren (1-3 years) after prior experience with 
malaria parasites and often becomes manifest 
in chronic infections of relatively low parasite 
burden (< l%-2% parasitemia). 1 

In most SMA cases, intravascular hemoly- 
sis is not apparent and destruction of unin- 
fected erythrocytes is more than 10-fold 
greater than any lysis caused by parasitization. 
There also maybe impaired reticulocytosis 
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mortality if unchecked. Survival in the rodent 
SMA model may occur because the spleen 
in rodents is a major erythropoietic organ, 
whereas in primates it is not. Alternatively, it 
may be that rodent SMA models lack certain 
features of SMA that occur \x\P falciparum 
infections in humans and its nonhuman pri- 
mate models. Clearly, continued investiga- 
tions into SMA mechanisms in both the ro- 
dent models and the nonhuman primate 
models are important to gain fresh insight 
leading to new therapeutic interventions for 
SMA. m 
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Stem cell markers: less is more! 



Gary Van Zant university of Kentucky school of medicine 

Yilmaz and colleagues present a simplified technique for the pro- 
spective identification and purification of hematopoietic stem 
cells; unlike previous methods, their method is effective in a vari- 
ety of contexts, including old marrow, mobilized peripheral blood, 
and recipients of long-term engrafted transplants. 



M n this issue of Blood, Yilmaz and colleagues 
m address a sine qua non of stem cell biol- 
ogy — the prospective identification and puri- 
fication of viable hematopoietic stem cells. 
The Morrison lab determined that a simple 
combination of 2 cell-surface markers, CD1 50 
and CD48, is sufficient to identify all of the 
long-term repopulating activity from not only 
young mouse bone marrow, but also, impor- 
tantly, from bone marrow of old mice, from 
long-term engrafted radiation chimeras, and 
from mobilized stem cells found in the spleen. 
This feat has not been possible with other stem 
cell purification techniques. In a paper in Cell 
earlier this year, 1 this group detailed the use of 
members of this SLAM family of cell recep- 
tors to characterize specific developmental 
steps in the stem and progenitor cell hierarchy 
in bone marrow of young mice and arrived at 
the simple SLAM "code" for stem cells as 
CD150 + andCD48-/CD244- (see figure). 

Heretofore, typical methods have relied on 
a combination of up to 10 cell-surface markers 
to characterize hematopoietic stem cells. De- 
spite its difficulty and nuances, this technique 
has been in successful practice, and has ad- 
vanced our understanding of stem cell biology, 
since its original publication in 1988. 2 As in- 



terest in hematopoietic 
stem cells from differ- 
ent aged animals and 
from different hemato- 
poietic sources has 
grown, limitations 
have become apparent, 
the most significant of 
which has been the 
issue of whether the 
stem cell markers that 
were used maintained 
their stem-cell fidelity. 
In earlier studies, Mor- 
rison et al showed that 
the same technique 
that yielded a popula- 
tion in which 1 in every 
5 cells purified from 
young bone marrow 
had long-term engraft- 
ing potential yielded 
dramatically lower 
purities of functional 
stem cells from other 
sources. 3 * 4 

The disparity in 
apparent purities could 



be attributable to several possibilities. One is that 
expression of the traditional panel of markers is 
altered on cells either during aging, mobilization, 
or prior transplantation such that the staining 
profile is no longer inclusive of stem cells and/ or 
is no longer exclusive of contaminating cells. A 
second possibility is that the requisite steps lead- 
ing to long-term engraftment — that is, homing 
of stem cells to the marrow and the maintenance 
of long-term hematopoiesis — are less efficient in 
stem cells derived from contexts other than 
young bone marrow. Compelling data in the 
present paper demonstrate that the bulk of the 
disparity is accounted for by the presence of cells 
in the population identified as stem cells (Lin", 
Sca-1 + , c-Kit + , Thy I 10 ) that demonstrably lack 
stem cell function. In contrast, the population of 
CD 1 50 + , CD48" cells from all hematopoietic 
sources tested showed dramatically improved 
stem^ell purities, although not quite to the 
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SLAM cell-surface markers delineate differentiation steps In early hematopolesls. 
Originating with pluripotent hematopoietic stem cells (HSCs), differentiation steps 
Include multipoterrt progenitor cells (MPPs) and lineage-restricted progenitor cells 
(LRPs). Each Is characterized by a different complement of SLAM markers: HSCs 
are CD150+C048-CD244"; MPPs are CD150-CD48"CD244 + ; LRPs are CDI50" 
CD48+CD244+. It should be noted that CD48 Is a llgand for CD244, thus CD 150 + 
CD48- Is sufficient to distinguish HSCs from MPPs and LRPs. Illustration by Ken- 
neth Probst 
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INTRODUCTION 

Malaria is still the world's most important parasitic dis- 
ease and is responsible for the death of more people than any 
other communicable disease except tuberculosis. According to 
World Health Organization estimates (61), between 300 mil- 
lion and 500 million people are infected with malaria every 
year. The disease is a public health problem in more than 90 
countries, which are home to some. 2,400 million people, 40% 
of the world's population. More than 90% of all malaria cases 
are in sub-Saharan Africa. Two-thirds of the remainder are 
concentrated in six countries, India, Brazil, Sri Lanka, Afghan- 
istan, Vietnam, and Colombia, in decreasing order of preva- 
lence. Mortality due to malaria is in the range of 1.5 million to 
2.7 million deaths per year. Deaths occur mostly among young 
children in Africa, especially in remote rural areas with poor 
access to health services. Cerebral malaria (CM) is the most 
severe complication and the major cause of death. In some 
reports, CM accounts for up to 10% of all cases of Plasmodium 
falciparum malaria in hospitalized persons and for 80% of fatal 
cases. 

The classic clinical presentation of malaria consists of bouts 
of fever accompanied by other symptoms such as headache, 
malaise, nausea, muscular pains, or mild diarrhea, often mis- 
taken for influenza or gastrointestinal infection. Details of the 
diagnosis, outcome in different types of patients, and treatment 
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recommendations have been extensively reviewed (118), as 
have the socioeconomic consequences of the malaria burden 
worldwide (72). Although various hypotheses have been pro- 
posed and some progress has been made using in vitro as well 
as in vivo models, the mechanisms of CM pathogenesis remain 
incompletely understood and are the subject of a continuing 
debate (9, 14, 32). 

To investigate the pathogenesis of CM, several animal mod- 
els have been established in which animals are infected with 
erythrocytes parasitized by various types of Plasmodium. Al- 
though these animal models do not exactly reproduce the hu- 
man disease, they nevertheless exhibit some similarities to hu- 
man CM, such as clinical signs of nervous system dysfunction 
and cerebral pathology. An elegant and exhaustive review on 
human CM pathology has been published recently (109). How- 
ever, the assertion that "there is no model for CM," based on 
the fact that murine CM shows leukcocyte sequestration, can 
be modulated, since the presence of leukcocyte sequestration 
in human CM, at least in pediatric patients, is now well sub- 
stantiated (32, 37). Conversely, parasitized red blood cell 
(pRBC) sequestration also occurs in murine CM, although in 
a less prominent fashion than in humans (42a). 

Several observations from the study of experimental CM 
have been extended and confirmed in human disease. First, 
cytokine overproduction was detected during experimental 
CM and was found to contribute to brain vascular pathology. 
Tumor necrosis factor TNF (33, 34) and gamma interferon 
(IFN-7) were shown to be important mediators in the patho- 
genesis of CM. Second, helper T lymphocytes play a significant 
role in the development of murine CM (25, 38). In response to 
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FIG. 1. Importance of other blood cells in the modulation of pRBC binding in the pathogenesis of CM. The malarial parasite (pRBC) 
stimulated the host immune response, notably an expansion of Thl clones, leading to overproduction of I FN -y. Apart from upregulating some 
potential receptors, such as CD36, IFN--y stimulates monocytes to produce soluble TNF (solTNF) and to express higher levels of the transmem- 
brane form of the cytokine (memTNF). Both forms, but particularly the memTNF via an interaction with TNFR2 expressed in increased amounts, 
cause an upregulation of ICAM-1 on brain endothelial cells. In turn, high levels of ICAM-1 cause platelets to adhere and fuse to brain endothelial 
cells, with at least two important functional consequences: an increased adhesiveness for pRBC (via CD36) and leukocytes (via LFA-1, P-selectin, 
etc.), responsible for vessel obstruction, ischemia and possible neuronal dysfunction, and a potentiation of endothelial killing by TNF, leading to 
vessel disruption and brain hemorrhages. 



malaria parasites, the host undergoes a Thl rather than a Th2 
response, in which susceptibility to CM is favored over resis- 
tance (11, 16). Third, cytokine-induced phenotypic changes of 
brain microvascular endothelial cells (MVEC) indeed repre- 
sent a key event in the sequestration of both PRBC and par- 
asitized leukocytes (22, 39, 85, 110). 

Several recent results, from in vivo studies using gene-defi- 
cient mice and from in vitro studies using isolated brain MVEC 
led us to address other mechanisms of experimental CM. 
These results included (i) an unexpected role of platelets in 
TNF-induced microvascular pathology, (ii) protection from 
CM in TNF receptor p75-deficient mice but not p55-deficient 
mice, and (iii) the finding that brain MVEC derived from 
CM-susceptible and CM-resistant mice exhibit differential re- 
sponsiveness to the cytokines TNF and IFN-7. In this review, 
we will focus on these findings and their possible meaning in 
terms of pathogenic mechanisms and will discuss their appli- 
cability to human CM. The importance of other blood cells in 
the modulation of pRBC binding in the pathogenesis of CM is 
illustrated in Fig. 1. 

IN VIVO MODELS OF CEREBRAL MALARIA 

Experimental animals models cannot reproduce all the fea- 
tures of human diseases; this is particularly true for CM. How- 
ever, in CM the altered cells that play a pivotal role in human 
and experimental lesions are the same (the brain MVEC). In 
addition, the similarities between defined malaria antigens in 



rodent and human parasites and between immune response 
pathways in mice and humans justify the use of models. The 
concepts defined in experimental conditions might lead to fur- 
ther investigations in the human disease. Several animal mod- 
els of CM have been established, each of which exhibits specific 
pathological characteristics depending on the malaria parasites 
and animal strains employed (Table 1). 

The Plasmodium yoelii model has an advantage over the 
Plasmodium berghei ANKA (PbA) model in including an ob- 
vious pRBC sequestration. However, as discussed above, this 
cannot be taken as an argument to claim superiority for this 



TABLE 1 . Examples of in vivo models used for the study of CM 



Malaria parasite 


Animal 


Characteristic 


Reference(s) 


P. yoelii 17XL 


Swiss mice 


pRBC sequestration 


48, 123 


P. berghei ANKA 


CBA/Ca mice 


Leukocyte sequestra- 


38, 63, 74, 87 






tion 






CBA/T6 mice 




73 




DBA/2 mice 


Nonfatal CM 


73 




C57BLV6 mice 




46 


P. berghei K173 


C57BI76 mice 




15, 19, 20 


R berghei NK65 


CBA/Ca mice 




117 


P. berghei ANKA 


Hamster 




87 


P. berghei NK65 


WM/M rat 




45 


P. knowlesi 


Rhesus monkey 




105 


P. fragile 


Rhesus monkey 




27 


P. coatneyi 


Rhesus monkey 




1, 101 


P. falciparum 


Saimiri monkey 


pRBC sequestration 


106 


P. falciparum 


SCID mice 




120 
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model (48), since leukocytes are also sequestered in human 
CM. The leukocyte sequestration seen in the various murine 
models or in humans is never accompanied by transmigration, 
such as in experimental autoimmune encephalitis, so it can 
hardly be called inflammation (46). Monkey models of CM 
exhibit pathological changes very close to those of human CM, 
especially since they can reproduce the sequestration of pRBC 
and brain vascular complications such as hemorrhages. Prob- 
lems with the monkey model include the facts that the time 
point of CM onset is difficult to determine and that the ex- 
pected incidence of this syndrome is low and variable whereas 
it is high and reproducible in mice. In spite of the cost and the 
lack of genetically modified animals, which are other limita- 
tions, the monkey models represent invaluable tools for the 
study of pRBC sequestration in vivo. 

P. BERGHEI ANKA MODEL 

Because of its high degree of reproducibility, easily manage- 
able characteristics, brain histopathology (which is now vali- 
dated further by recent observations in human CM [see "Per- 
spectives" below]), and relevant clinical expression and the 
availability of susceptible and resistant strains, we have focused 
our attention on the neurovascular pathology induced by PbA 
(originally described by J. M. Bafort, Antwerp, Belgium [4]) 
asexual blood stages. The PbA model consists of a neurological 
syndrome occurring 6 to 14 days after infection and with a 
cumulative mortality of about 90% (33). Parasitemia at the 
time of death is consistently low. The neurological manifesta- 
tions include hemi- or paraplegia, deviation of the head, ten- 
dency to roll over on stimulation, ataxia, and convulsions. The 
remaining 10% of infected CM-susceptible mice eventually die 
during week 3 or 4 of infection, with severe anemia and hy- 
perparasitemia and without neurological signs (33). 

Susceptible versus Resistant Mice 

The reason why only a small percentage of the human pop- 
ulation infected with malaria develops the neurological com- 
plication is still unclear. One of the features of the PbA model 
is to allow studies of the genetic control of susceptibility to 
CM. Following PbA infection, various mouse strains also ex- 
hibit a differential responsiveness to the malaria parasite. 
Some strains are highly susceptible to the development of CM, 
while others are resistant, in spite of identical levels of para- 
sitemia during the acute phase of the infection (Table 2) (G. E. 
Grau et al., unpublished results). 

These data clearly show that genes outside the H-2 complex 
are involved in the genetic control of susceptibility to CM. 
Other factors include the capacity to produce IFN-7 in re- 
sponse to malarial antigens (see below). 

Brain Histopathology 

The histopathology of experimental CM varies according to 
parasite-host combinations. The differential pathological changes 
in animal models were found to be related to different malaria 
parasites. For example, CBA mice clearly exhibit a brain vas- 
cular pathology when infected with PbA (33) but not with 
P. yoelii (33) or P. vinckei (13). However, P. vinckei causes 
other features of severe falciparum malaria. P. yoelii 17XL- 
infected Swiss mice show a significant sequestration of pRBC 
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TABLE 2. Mouse strain susceptibility to PbA-induced CM 



Strain 0 


H-2 
type 


No. of 
mice 


Cumulative 
incidence of 
CM (%) 


Parasitemia 
on day l b 


CBA/Ca 




>500 


90 


8.0 ± 3.4 


CBA/HN 


k 


10 


70 


10.2 ± 3.3 


C57BL/10 


b 


30 


80 


8.5 ± 3.2 


DBA/1 


<7 


30 


80 


17.0 ±3.0 


NMRI 




30 


90 


6.5 ± 7.0 


SJL/J 


s 


20 


95 


28.0 ± 6.0 


BALB/c 


d 


>100 


0 


10.5 ± 4.5 


C3H/HeJ 


k 


30 


0 


17.0 ±5.2 


C3H/HeN 


k 


10 


0 


16.0 ±4.5 


DBA/2 


d 


30 


0 


15.0 ± 3.5 


(NZBxNZW)Fl 


z 


10 


0 


6.3 ± 4.2 



a In addition to these strains studied in our laboratory, the A/J mouse has 
recently been reported to be resistant to CM on PbA infection (46). 

b Number of red blood cells which are parasitized (values are percentages, and 
standard deviations are shown). 



(123). In rhesus monkeys, P. falciparum infection is not asso- 
ciated with a sequestration of pRBC, whereas this seques- 
tration does occur during P. fragile infection. Conversely, 
pathological changes induced by a given parasite may vary 
among different mouse strains. It has been shown that PbA- 
infected CBA mice develop a fatal cerebral malaria (33, 38, 74, 
87) whereas DBA/2 mice develop a nonfatal cerebral syn- 
drome (73) and BALB/c mice do not develop any cerebral 
pathology (33). 

A particularly detailed analysis of brain histopathology has 
been performed with the CBA/T6 model (73). When inocu- 
lated with PbA, these mice exhibited cerebral symptoms and 
died from cerebral malaria 6 to 8 days after infection whereas 
DBA/2J mice developed (around day 6 to 9) a nonfatal CM, 
with milder cerebral symptoms and died between days 15 and 
22 from other malaria-related complications. When inoculat- 
ed with P. berghei K173, these mouse strains did not develop 
cerebral malaria. These mouse-parasite strain combinations 
were used, in conjunction with the retinal whole-mount tech- 
nique, to elucidate factors critical in the pathology of murine 
CM. CBA/T6 mice infected with PbA (PbA-CBA mice) dem- 
onstrated mild changes in vascular permeability as early as 2 to 
3 days before the appearance on day 5 of cerebral symptoms, 
whereas mice with noncerebral malaria did not show any vas- 
cular permeability changes until the very late stage of the 
disease (days 14 to 22). In PbA infections, progressive deteri- 
oration of endothelial barrier properties, demonstrated by 
Evans' Blue leakage both generally and from specific focal 
areas, and developing monocytosis and adherence of mononu- 
clear cells to the endothelium of the retinal vessels continued 
until death (in CBA/T6 mice) or resolution (in DBA/2J mice). 
Adherent monocytes, particularly in PbA-CBA mice, were as- 
sociated with reduced Hoechst staining of individual endothe- 
lial cells and a banking up proximally of both parasitized and 
nonparasitized blood cells in the small blood vessels, often with 
accompanying focal leakage of Evans' Blue from the retinal 
vessels. The occurrence and severity of these early changes in 
the microcirculation correlated with the subsequent develop- 
ment of cerebral symptoms. Monocyte margination appeared 
to be the most significant factor associated with the develop- 
ment of cerebral symptoms (73). 

Table 3 summarizes some immunohistopathological features 
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TABLE 3. Brain histopathology of CM in the human 
disease and the PbA model 



Parameter Human CM PbA model 



Brain hemorrhage ++ + + 

Plugging of micTOvessels + + + + 

Sequestration of pRBC + + + + 

Knobs on pRBC + + 

Sequestration of leukocytes + + + + + 

Sequestration of platelets ++ + + 

Necrosis of microvessels + + 

CAM upregulated ICAM-1, VCAM-1, ICAM-1, VCAM-1 

E-selectin, TSP, CD36 

Overexpression of MHC Class 1 and II Class I and II 

Upregulation of TNF p75 p75 
receptors 



of the CM model induced by PbA in CBA/J mice, the details of 
which have been described elsewhere (31). In this model, ce- 
rebrovascular pathological changes are the main features. A 
sequestration of pRBC, the hallmark of human CM, has been 
also found, albeit to a lesser extent, in CM-susceptible mice on 
infection with PbA (42a, 46; P. F. Piguet and G. E. Grau, 
unpublished data). 

Cytokine Interplay Leading to TNF Overproduction 

Previous results suggesting that TNF is a key element in the 
pathogenesis of experimental CM have been reviewed in detail 
elsewhere (36). These include the observation of high levels of 
this cytokine is serum at the time of CM, prevention of the 
neurological syndrome by the in vivo neutralization of the 
cytokine, and induction of a CM-Iike syndrome in CM-resis- 
tant mice by infusion of the cytokine. More recently, additional 
confirmation of the pathogenic role of TNF in CM has been 
provided in experiments with transgenic mice expressing high 
levels of TNF receptor 1 (TNFR1) (28) and in TNF/LT gene 
knockout mice (91). Clinical trials with anti-TNF monoclonal 
antibody (MAb) in humans have led to a significant drop in 
malarial fever, implying -a role of TNF as an endogenous py- 
rogen (54), but mortality and morbidity were- not reduced. 
Possible reasons for this lack of efficacy include late adminis- 
tration, well after irreversible lesions have occurred, and a 
carrier effect of the MAb (115). 

While TNF production can be triggered directly by the ma- 
laria parasite (3), we propose that for CM to occur, there is a 
need for an amplification loop which involves T-cell activation. 
TNF release is triggered directly by malaria parasites via both 
protein kinase C and calmodulin-dependent protein kinase 
activation, with a regulation that differs from that of lipopoly- 
saccharide (81). The receptor involved in the parasite-induced 
monocyte/macrophage stimulation has not been characterized. 
Malaria toxins are important molecules that are responsible 
for the direct induction by the parasite of TNF secretion by 
host monocytes (6, 51, 53, 92, 93; D. Kwiatkowski, Reply, 
Parasitol. Today 11:463, 1995). Similarly, malaria parasites 
might induce intercellular cell adhesion molecule 1 (ICAM-1) 
upregulation directly, in a TNF-independent fashion (21). 

The requirement for T lymphocytes in CM pathogenesis has 
been suggested by observations that athymic nude mice do not 
develop this neurological syndrome on infection with PbA 
(25). The respective role of T-cell subsets in the triggering of 
CM has been analyzed: in the PbA model, anti-CD4 but not 



anti-CD8 monoclonal antibody significantly reduced serum 
TNF levels (33) and completely abrogated the occurrence of 
CM (38), while in the P. berghei NK65 model, anti-CD8 but not 
anti-CD4 antibody protected rats against brain pathology (45). 

In experimental CM, the cytokine characteristic of Thl 
cells, IFN-7, plays a significant role. The treatment of PbA- 
CBA mice with neutralizing anti-IFN-7 MAbs significantly de- 
creased serum TNF levels and prevented the development of 
cerebral pathology (34). Increased IFN-7 mRNA levels were 
found in CM-susceptible but not CM-resistant mice during the 
neurological syndrome. IFN-7 increases the TNF mRNA level 
(49) and upregulates the TNF receptors on the target cell 
surface (108). A synergy between IFN-7 and TNF, particularly 
with respect to the effects on endothelial cells, has also been 
demonstrated (83). 

The IFN-7 production capacity appears to be one of the 
important parameters associated with the susceptibility to CM: 
CM-susceptible mice exhibit a preferential expansion of Thl - 
like clones that is characterized by a marked production of 
IFN-7 (16). Individuals at risk for severe malaria also produce 
more IFN-7, in an antigen-specific manner, than do those who 
are immune and relatively protected against malaria compli- 
cations (11). Although these findings may explain why cyto- 
kines such as TNF or IFN-7 are overproduced during CM and 
are sometimes detectable in high concentrations in mice or 
patients with CM, they cannot explain the phenomenon of 
tolerance to TNF. The recent observation that TNF differen- 
tially regulates the expression of its own receptors in CM- 
susceptible and CM-resistant brain endothelium (see below) 
may represent a complementary explanation. The kinetics and 
site of production of IFN-7 are other important parameters: a 
recent study indicates that a very early peak of IFN-7 produc- 
tion in the spleen is higher in nonlethal than in lethal murine 
malaria (17). 

Involvement of Cell Adhesion Molecules 

Since TNF can induce or upregulate various cell adhesion 
molecules (CAM) on endothelial cells, the expression of these 
molecules was analyzed by immunohistochemistry. Brain 
vessels from mice with CM showed a marked upregulation 
of ICAM-1 (22, 39) and vascular cell adhesion molecule 1 
(VCAM-1) (unpublished data). We attempted to prevent CM 
by intravenous injection of MAbs directed against LFA-1, 
Mac-1, ICAM-1, VCAM-1, VLA-4 and P-selectin; only anti- 
LFA-1 MAb proved to be efficient as described below (see 
"Assessment of various effector cells in the neurovascular le- 
sion"). The important role of ICAM-1 was confirmed using a 
SCID mouse model in which P. falciparum-'mtected human 
RBC adhere to brain ICAM-1 (120), and more recently using 
ICAM-l-deficient mice (23). 

IN VITRO MODELS OF CEREBRAL MALARIA 

In human CM, the attachment of RBC infected with mature- 
stage parasites to endothelial cells lining the postcapillary 
venules is not restricted to the brain. Microvessels of the heart, 
lungs, kidneys, small intestine, and liver are the principal sites 
of sequestration. This sequestration is important for the sur- 
vival of the parasite but may have severe consequences for the 
host (32). Sequestered cells that clog the brain capillaries may 
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reduce blood flow sufficiently that confusion, lethargy, and 
unarousable coma (i.e, CM) result. The molecular character- 
istics of the surface proteins, that is, the RBC receptors and the 
endothelial cell ligands, involved in sequestration have been 
reviewed (99). 

One of the specific features of human RBC on infection by 
P. falciparum is the formation of membrane knobs (12; re- 
viewed in reference 98). Such structures are not found on 
mouse pRBC. Although pRBC with knobs indeed exhibit high 
adhesion capacities, the knobs are not essential for cytoadher- 
ence because pRBC without knobs were also found to bind 
efficiently in vitro (113). Thus, cytoadherence occurs irrespec- 
tive of the presence of knobs, and, conversely, the knobby 
phenotype does not necessarily lead to a greater ability to 
cytoadhere (90). In addition, pRBC infected with P. yoelii 
17XL adhered to mouse brain MVEC, indicating that the 
absence of knobs on mouse pRBC does not hinder their se- 
questration in mice with CM (48). The P. falciparum erythro- 
cyte membrane protein 1 (PfEMPl), expressed on the surface 
of pRBC, specifically binds to CD36 and thrombospondin. In 
addition, P. falciparum -infected RBC can express a lymphocyte 
function antigen 1 (LFA-l)-like molecule that adheres to hu- 
man umbilical vein endothelial cells (HUVEC) or human brain 
MVEC (104). Parasites isolated from patients with CM, severe 
malaria, or uncomplicated malaria exhibit similar adherence 
properties: there does not seem to be a correlation between 
cytoadherence and disease severity (30, 88). These parasites 
exhibit a different capacity for rosette formation, suggesting 
that rosette formation may be another factor that contributes 
to the sequestration of pRBC (24); however, this has not been 
found by other authors (88). 

Several adhesion molecules mediate the cytoadherence of 
pRBC to endothelial cells, including thrombospondin, CD36, 
ICAM-1, VCAM-1, endothelial cell leukocyte adhesion mole- 
cule 1 (ELAM-1, E-selectin), chondroitin sulfate A, and, more 
recently, P-selectin (43), aVp3, and platelet-endothelial cell 
adhesion molecule 1 (CD31) (107). Synergism has been de- 
scribed between CD36 and ICAM-L Furthermore, under flow- 
ing rather than static conditions, pRBC adherence proves to be 
a multistep process, involving various CAMs (114). This aspect 
of CM pathogenesis has been reviewed (44). 

Numerous cell types have been established to investigate the 
adhesion molecules for pRBC adherence in vitro. These mod- 
els include HUVEC, C32 amelanotic melanoma cells, human 
monocytes, human platelets, U937 myelomonocytic cells (111) 
and Chinese hamster ovary (CHO) cells transfected with genes 
coding for CD36 or ICAM-1 (42). Recently, brain MVEC 
isolated from humans, mice, and monkeys have been used to 
study the cytoadherence mechanisms (Table 4). Several groups 
have compared the cytoadherence of pRBC using these mod- 
els, and their results suggested that CD36 but not ICAM-1 is 
the principal receptor mediating the cytoadherence of pRBC. 
This has especially been clear when HB-MVEC and HUVEC 
were directly compared. HUVEC, with no or only low expres- 
sion of CD36, display only a low binding capacity for pRBC 
(102). Interestingly, when comparing the expression of adhe- 
sion molecules on brain MVEC between human and murine 
CM, the main difference is the absence of a known equivalent 
for CD36 in murine brain MVEC. This may be one of the 



TABLE 4. Some in vitro models for the study of 
pRBC cytoadherence 



System 


ICAM-1" 


CD36 a 


Reference(s) 


HUVEC 


+ 




112 


C32 


+ 


+ + 


5 






-+- 


5 


Platelets 




+ + + 


75 


Stably transfected cells (CD36) 




+ + + 


42, 77 


Stably transfected cells (ICAM-1) 


+ + + 




42 


HD-MVEC 


+ 


+ 


119 


HB-MVEC 


+ 


+ 


47, 102 


HBEC-51 (immortalized) 


+ 


+ 


121 


BB19 (immortalized) 






86 


HL-MVEC 


+ 


+ 


71 


Monkey brain MVEC 


+ 


+ 


29 


Mouse brain MVEC 






56, 69 


Retinal wholemount 


+ 




10 



a Symbols indicate the degree to which this adhesin molecule was present. 



reasons why the sequestered cells are leukocytes rather than 
pRBC in experimental CM. 

pRBC adhere not only to endothelial cells but also to plate- 
lets and monocytes, since the receptors which mediate cyto- 
adherence for some pRBC (CD36 and ICAM-1) also exist on 
these cell types. This process may participate in microvessel 
plugging in CM. 

Retinal Whole-Mount Model 

Changes in the cerebral microvasculature, such as break- 
down of the blood-brain barrier, petechial hemorrhages, con- 
gestion, and edema, are observed in the later stages of murine 
CM and have been studied in an elegant retinal whole-mount 
model (10). The retinal vasculature offers a unique opportunity 
to study rheologic, barrier, and functional properties of the 
microvasculature within a normal spatial relationship with 
other tissues and as an intact vascular plexus. A combination of 
techniques, developed to examine the progressive microvascu- 
lar changes in murine CM, detected phenomena such as mono- 
cyte adherence to endothelial cells, congestion, small haemor- 
rhages, and breakdown of the blood-retina barrier, including 
details of the location of this leakage, earlier than was possible 
by studying brain sections. In addition, the covisualization of 
the blood elements, barrier properties, and vascular endothe- 
lial integrity that is possible with retinal whole mounts allowed 
a detailed analysis of the interaction of different cellular ele- 
ments in the pathogenesis of CM. Except for the detection of 
edema, the retinal whole-mount technique offers a more pow- 
erful and less time-consuming technique for detecting early 
microvascular changes in murine CM. 

The retinal whole-mount system has also been used to eval- 
uate the pathogenic importance of glial cells in CM (67). In- 
deed, little attention had been given to the repercussion of 
microvascular damage on this important cell type during CM. 
The changes in astrocyte morphology and distribution were 
compared in three settings: a fatal model, a "resolving" model, 
and a non-CM model. In the fatal model, retinal astrocytes lost 
their even distribution from day 3 postinoculation (p.i.) with 
malaria parasites, progressing to gliosis (day 5 p.i.), well before 
the onset of cerebral symptoms on day 6 to 7 p.i. At the 
terminal stage of the disease, there was a loss of astrocyte 
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processes contacting retinal vessels, often along vessel seg- 
ments containing adherent monocytes. These features oc- 
curred in a mild form in the resolving model and were absent 
in the non-CM model. Manipulation of these experimental 
models indicates that astrocytes are involved in the pathogen- 
esis of CM and that the initial changes in astrocyte distribution 
may be a consequence of the increase in blood-retina barrier 
permeability; the immune response triggered by the malaria 
parasite may also be responsible for the loss of astrocyte en- 
sheathment of vessel segments. Moreover, glial cells, particu- 
larly microglia and astrocytes, in addition to monocytes, have 
been shown recently to represent an important source of TNF 
in CM (68). 

Brain MVEC 

Alterations in cerebral microvessels have long been recog- 
nized to be central in the pathology of CM. The first descrip- 
tion of sequestration, i.e., the obstruction of cerebral microves- 
sels by large numbers of mature pRBC, by Marchiafava and 
Bignami in 1894, has been confirmed by several authors (9, 32). 
The nonsequestering malaria parasites rarely cause severe ill- 
ness or death, so that the association between histological and 
clinical parameters is clear. The causal relationship, however, 
is not established and remains a subject of debate (9, 14, 32). 
Descriptions of sequestration content vary. It has been claimed 
that only mature forms of the parasite would be sequestered, 
but it has been shown recently that all stages of P. falciparum 
are sequestered in the brain (100) and that immature forms 
may be particularly important (85a). Also, it has been claimed 
that only pRBC are present in brain microvessels, but macro- 
phages and monocytes have also been described (18, 76, 78, 
85). In a recent study of Malawian children with CM, seques- 
tered pigmented macrophages were significantly more numer- 
ous in CM patients than in noncerebral malaria patients (C. D. 
Mackenzie, G. E. Grau, R. Carr, N. G. Liomba, M. E. Moly- 
neux, and T. E. Taylor, Proc. 48th Meet. Am. Soc. Trop. Med. 
Hys., abstr. 781, p. 476, 1999). 

Given this central role of the cerebral endothelium in CM 
pathogenesis, MVEC have been isolated from almost any or- 
gan or tissue (94). MVEC differ from large-vessel endothelial 
cells (LVEC) by various morphological and functional vari- 
ables (35, 57). In addition, endothelial cells of arterial origin 
are different from those of venous origin (7) and show heter- 
ogeneity even within a tissue itself, e.g., the dermis (79). More- 
over, MVEC derived from various organs also differ in some 
characteristics (8). Indeed, MVEC derived from different areas 
of the microcirculation exhibit differential adhesive properties 
for granulocytes (55). These data suggest that LVEC may not 
be adequate for the study of pathological events occurring in 
microvessels. In view of the organ specificity of endothelial 
cells, MVEC should be derived from the tissue involved in the 
diseases one wishes to study (94). 

Only studies on human brain MVEC address this issue di- 
rectly. Some studies have dealt with human brain MVEC (47, 
102, 104), and have shown, among other things, that CD36 is a 
crucial molecule for P. falciparwn-infected RBC binding. 
CD36 is indeed one of the differences between LVEC and 
MVEC. Human dermal also express CD36 but may be differ- 
ent from their brain counterparts (119). Studies using human 



brain MVEC have allowed the description of potentially new 
receptors for pRBC (121) and an evaluation of the effect of 
polyanions on cytoadherence as well as invasion (122). Prud- 
homme et al. have characterized an immortalized human brain 
capillary endothelial cell line, named BB19 (86). These cells, 
on transformation with the E6E7 genes of human papilloma- 
virus, retained their endothelial nature, as shown by pheno- 
typic and functional tests. Interestingly, the BB19 cells bound 
RBC infected with the FCR-3 and IT04 strains of P. falcipa- 
rum, making the BB19 cell line a useful system in the analysis 
of receptor-based cytoadherence and sequestration. 

RECENT EXPERIMENTAL RESULTS WITH THE 
P. BERGHEI ANKA MODEL 

Assessment of Various Effector Cells in the Neurovascular 
Lesion: Pathogenic Role of Platelets 

A possible role of platelets in CM pathogenesis was adduced 
from experiments with anti-integrin antibodies in PbA-infected 
animals. Treatment of infected mice with an antibody against 
LFA-1 prevented a fatal outcome even when given within 
minutes before death (22, 39). However, the mechanism of 
action of anti-LFA-1 MAb remained obscure, since it did not 
significantly diminish mononuclear cell sequestration. To in- 
vestigate the mechanism of action of anti-LFA-1 MAb, we 
searched for other cell types involved in the neurovascular 
lesion. Given the known accumulation of blood platelets in the 
microvasculature of mice developing other types of immuno- 
pathological reactions (82), we investigated their possible role 
in experimental CM. 

In this in vivo model, four lines of evidence suggest that 
platelets are critical effectors of the neurovascular injury. First, 
electron microscopic analysis during CM disclosed platelets in 
the lumen of brain venules between sequestered monocytes 
and infected RBC. Platelets were often adherent to damaged 
endothelial cells, and some appeared fused in the cytoplasm of 
endothelial cells (40). In contrast, blood mononuclear cells did 
not show evidence of fusion with brain endothelial cells while 
in close contact with these cells. 

Second, radiolabeled platelet distribution studies indicated 
that platelets were sequestered in the brain and lung vascula- 
ture during CM. Noncerebral malaria was not associated with 
cerebral sequestration of platelets. Third, in vivo treatment 
with a MAb to LFA-1 (which is expressed on platelets) selec- 
tively abrogated the cerebral sequestration of platelets, and 
this correlated with prevention of CM. Fourth, the role of 
platelets in the development of neurovascular lesion of CM 
was more directly assessed by a depletion experiment. Malaria- 
infected animals rendered thrombocytopenic were significantly 
protected against CM, further indicating that platelets are cen- 
tral to the pathogenesis of CM. Thus, a CD1 la-dependent 
interaction between platelets and endothelial cells appears piv- 
otal to microvascular damage. These data suggest a novel 
mechanism of action for anti-LFA-1 MAb in vivo and illustrate 
an unexpected role for platelets, in addition to monocytes, in 
vascular pathology. 

Thus, significant platelet sequestration in the brain occurs 
during CM and is abrogated by anti-LFA-1 MAb treatment. 
Surface LFA-1 might confer on platelets the ability to bind to 
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ICAM-1 present on endothelial cells and to fuse with them. 
This markedly increased fusion, occurring at a late stage in 
CM, would then lead to irreversible endothelial cell damage 
and ensuing hemorrhages. This could also explain why delayed 
administration of anti-LFA-1 MAb can still be protective, since 
it would interfere with these late-occurring effector interac- 
tions. The fusion of platelets of EC has been described in vitro 
and in vivo as a physiological process, i.e., capable of exerting 
a trophic role for endothelial cells. In severe malaria, the 
fusion rate might be accelerated because of the increased 
amounts of ICAM-1 and would lead to endothelial damage. 

Our present results suggest that the real effector of vascular 
damage might not be the most abundant cells (monocytes) in 
brain microvessels, since these cells are still sequestered after 
anti-LFA-1 MAb treatment. Also, there is no direct evidence 
that pRBC inflict venular injury. It therefore seems possible 
that in mouse CM, the critical effector of venular damage is, in 
fact, the less obvious platelets. Platelets are generally consid- 
ered to be involved in hemostasis, but there is also evidence of 
their toxicity, since they are capable of killing various cells 
including malaria parasites (84). Results obtained with the 
mouse CM model demonstrate that platelets can also act as 
effector of immunopathological reactions, notably by damaging 
endothelial cells, thus producing hemorrhages, the lesion they 
are commonly recognized to arrest. Recognition of this effec- 
tor mechanism might have widespread application in other 
types of TNF-induced hemorrhagic necrosis and could repre- 
sent an alternative mechanism of action of anti-LFA-1 MAb 
in vivo. 

Results obtained in vivo with the mouse CM model sug- 
gested that platelets may have a detrimental effect on endo- 
thelial functions. Since TNF and IFN-7 are important media- 
tors in experimental CM, the relation between TNF/IFN-7 and 
platelet adhesion/fusion was further investigated in vitro using 
cocultures of brain MVEC and platelets (57). 

The mechanisms of the fusion phenomenon were evaluated, 
with particular attention to the role of the adhesion molecules 
involved and to its functional consequences. TNF was found to 
induce the adhesion of radiolabeled platelets to MVEC in a 
dose-dependent manner. This effect was amplified by IFN-7. 
Conversely, MAbs to ICAM-1 or to one of its ligands, LFA-1, 
abrogated the adhesion of platelets induced by these cytokines. 
Electron microscopic examination showed that platelets ad- 
hered and fused to endothelial cells. A fluorescent dye was to 
found to be transferred from labeled platelets into endothelial 
cell cytoplasm, provided that these endothelial cells were pre- 
stimulated with TNF. In addition, platelet surface markers, 
such as LFA-1 or the platelet antigen recognized by our anti- 
platelet MAb, CV5-H7, were transferred to endothelial cell 
membranes. The addition of platelets to TNF-activated endo- 
thelial monolayers caused enhanced cytotoxicity, as shown by 
51 Cr release assays. Finally, binding studies indicated that ad- 
hesion and fusion of platelets to MVEC significantly increased 
their adhesiveness for blood leukocytes. These data indicate 
that fusion of platelets into MVEC, (i) is synergistically in- 
duced by TNF and IFN-7, (ii) is dependent on the p 2 -integrin 
LFA-1 expressed on the platelet surface, (iii) participates is the 
platelet-mediated enhancement of endothelial injury, and (iv) 
critically modulates the cytoadherence capacity of MVEC for 
leukocytes, thereby representing an important mechanism in 



the modulation of TNF effects in microvascular pathology (Fig. 
1). 

Pathogenic Role of TNFR2 (p75) in CM Pathology 

After studying the role of effector cells in TNF-induced 
endothelial alterations, we analyzed the respective roles of the 
two TNF receptors, TNFR1 (p55) and TNFR2 (p75) (59). The 
immunohistochemical examination of brain sections from 
PbA-infected CM-susceptible mice revealed a significant up- 
regulation of ICAM-1 and TNFR2, but not TNFR1, in capil- 
laries and venules. To evaluate the respective role of each 
receptor in CM pathogenesis, we subsequently investigated the 
susceptibility of TNFR1- or TNFR2-deficient mice (Tnfrl 0 and 
Tnfr2°, respectively) to the neurological syndrome. Surpris- 
ingly, in contrast to most other infectious diseases in which 
TNF is involved that indicate a role for TNFR1 (26, 80, 89, 103, 
116), protection from CM was found in Tnfrl 0 mice but not 
in Tnfrl 0 mice (60). To explain the resistance of the Tnfrl 0 
mice, we first investigated whether there were differences 
in the levels of critical mediators of CM, such as TNF and 
IFN-7, in these mice. This was not the case: no significant 
differences were found in the levels of TNF, IFN-7, soluble 
TNFR1 (sTNFRl), and sTNFR2 in blood, except for the ab- 
sence of sTNFRs in the corresponding knockout mice. Second, 
we addressed the question of a different sensitivity to TNF in 
Tnfr2° mice. Since brain MVEC isolated from the Tnfrl 0 and 
Tnfrl 0 mice both showed reduced sensitivity to the TNF-in- 
duced cytotoxicity compared to that shown by cells isolated 
from the wild-type mice, this result cannot explain the specific 
protection of the Tnfrl 0 mice. We then examined the possibil- 
ity that ICAM-1 could be differentially modulated in mice 
lacking one of the two TNFR. Indeed, in experimental CM, it 
has been shown that ICAM-1 upregulation in endothelial cells 
contributes to the subsequent adherence of leukocytes. Inter- 
estingly, the brain sections isolated from the CM-resistant 
PbA-infected Tnfrl 0 mice did not show the leukocyte seques- 
tration and ICAM-1 upregulation that occurred in the CM- 
susceptible wild type or Tnfrl 0 mice. 

Since the soluble TNF-mediated ICAM-1 upregulation on 
brain MVEC in vitro is exclusively mediated by the TNFR1, we 
then investigated whether membrane-bound TNF, which has 
recently been shown to preferentially interact with TNFR2, 
can explain the apparent discrepancy between the in vitro and 
the in vivo results (60). In experiments with MVEC isolated 
from wild-type, Tnfrl 0 , or Tnfrl 0 mice, we showed that soluble 
TNF requires the presence of both TNF receptors whereas 
membrane-bound TNF needs only TNFR2 for TNF-mediated 
ICAM-1 upregulation in brain MVEC. It was seen that in 
MVEC lacking TNFR2 only, neither membrane-bound nor 
soluble TNF can upregulate ICAM-1 in vitro. As controls, 
Tnfrl 0 MVEC were still capable of upregulating ICAM-1 on 
stimulation by a stimulus different from TNF namely, CD40L 
(kindly provided by J. Y. Bonnefoy, Glaxo- Wellcome, Geneva 
Switzerland). Conversely, as another control, TNF was still 
able to increase the expression of E-selectin on Tnfrl 0 MVEC. 
In conclusion, these results indicate that the interaction be- 
tween membrane TNF and TNFR2 is crucial to the develop- 
ment of the neurological syndrome seen in severe malaria (59). 
More recently, TNFR2 was shown to be important in endo- 



Vol. 14, 2001 



PATHOGENESIS OF CEREBRAL MALARIA 817 



thelial cell apoptosis in the absence of sensitizing agents, i.e., 
under pathophysiological^ relevant conditions (58). 

Role of Endothelial Cells in Genetic Susceptibility to CM: 
Comparison of Brain MVEC Derived from Susceptible 
and Resistant Mice 

The reasons why only a small number of individuals infected 
with P. falciparum develop cerebral malaria remain obscure. 
There is evidence that the nature of the malaria parasite as 
well as the host genetic background may partially explain this 
phenomenon (3, 66). In experimental models of CM, different 
mouse strains, for unknown reasons, also exhibit different sen- 
sitivities to CM (25, 38, 63) (Table 2). 

It has been shown that overproduction of TNF contributes 
to the pathology of CM (33) and is related to the severity of the 
cerebral syndrome (41). In other studies, some patients with 
high levels of TNF in blood did not develop CM while some 
patients with low levels of TNF did (97), suggesting differential 
hosts sensitivity to TNF. Since brain MVEC are an important 
target for TNF action in experimental CM, we investigated 
whether these cells derived respectively from CM-susceptible 
and CM-resistant mice exhibit a different responsiveness to 
TNF. 

Brain MVEC purified from CM-susceptible (CM-S) CBA/J 
mice and CM-resistant (CM-R) BALB/c mice indeed exhibit 
different sensitivities to TNF in terms of cytokine production, 
adhesion molecule expression and TNF receptor expression 
(56). CM-S brain MVEC displayed a higher capacity to pro- 
duce interleukin-6 and to upregulate ICAM-1 and VCAM-1 in 
response to TNF than CM-R brain MVEC. In contrast, no 
difference was found in the induction of E-selectin after TNF 
challenge. CM-S brain MVEC were also significantly more 
sensitive to TNF-induced lysis. This differential reactivity to 
TNF was further substantiated by comparing TNFR expression 
on CM-S and CM-R brain MVEC. Although the constitutive 
expression of TNFRs was comparable on cells from the two 
origins, TNF induced an upregiilation of both p55 and p75 
TNFRs in CM-S but not in CM-R brain MVEC. A similar 
regulation was found at the level of TNFR mRNA but not at 
the level of receptor shedding. Although a protein kinase C 
inhibitor blocked the response to TNF in brain MVEC of both 
CM-S and CM-R mice, an inhibitor of protein kinase A selec- 
tively abolished the response to TNF in CM-R but not CM-S 
brain MVEC, suggesting a differential protein kinase involve- 
ment in TNF-induced activation of CM-S and CM-R brain 
MVEC. These results indicate that brain MVEC purified from 
CM-S and CM-R mice exhibit distinctive sensitivities to TNF. 
This difference may be partly due to a differential regulation of 
TNF receptors and via distinct protein kinase pathways (56). 

Since CM also involves IFN-7 that is known to modulate 
major histocompatibility complex (MHC) molecule expres- 
sion, we also evaluated whether the genetic susceptibility to 
CM is related to the constitutive or IFN-7-induced expression 
of MHC molecules on brain microvessels (69). By flow cytom- 
etry, we found that less than 5% of CM-S brain MVEC con- 
stitutively expressed MHC class I molecules, in contrast to up 
to 90% of CM-R brain MVEC. On stimulation with IFN-7 the 
percentage of positive cells for MHC class I molecules in CM-S 
brain MVEC became comparable to that in CM-R brain 



MVEC, but a higher fluorescence intensity existed on CM-S 
brain MVEC than on CM-R brain MVEC. MHC class II 
molecules were not constitutively expressed on brain MVEC 
from either strain. IFN-7-induced expression of MHC class II 
(I-A, I-E) molecules was significantly higher in CM-S than 
CM-R brain MVEC in terms of both the percentage of positive 
cells and the fluorescence intensity. In addition, an obvious 
protection from experimental CM was found in B6-Aa°IAa° 
mutant mice, which lack cell surface expression of MHC class 
II molecules, indicating the importance of MHC class II mol- 
ecules in CM pathogenesis. These data demonstrate that dif- 
ferential inducibility of MHC class II expression on brain 
MVEC is correlated with a genetic susceptibility to CM (69). 

PERSPECTIVES 

Overall Relevance of Models: Human versus 
Murine Pathology 

Experimental CM cannot reproduce exactly the brain pa- 
thology of this complication in humans, but there is a growing 
number of similarities between several models and the human 
disease (Table 3). In particular, in the PbA model, the pres- 
ence of mononuclear cells in brain venules finds a parallel in 
pediatric CM, since there is a substantial accumulation of 
monocytes and pigmented macrophages (62) in brain vessels. 
Furthermore, the number of these leukocytes is significantly 
greater in CM than in noncerebral malaria patients. Another 
parameter in common between human and murine CM is the 
upregulation of TNFR2 on brain microvessels (62) (Table 3). 

The accumulation of platelets in the brain vessels of these 
children is also significantly more important in CM than in 
noncerebral malaria patients (G. E. Grau, C. D. Mackenzie, R. 
Carr, M. Redard, G. P. Pizzolato, P. Moulin, C. Cataldo, N. G. 
Liomba, M. E. Molyneux, and T. E. Taylor, Proc. 48th Meet. 
Am. Soc. Trop. Med. Hyg., abstr. 780, p. 475, 1999), this rep- 
resents another new factor in common with the PbA model. 
Conversely, as mentioned above, there is also pRBC accumu- 
lation in the brain of PbA-infected mice, although this is less 
marked than in other murine models. 

Platelet-Endothelial Interactions in Microvascular 
Pathology Beyond CM 

The effects of anti-LFA-1 MAb on CM and on platelet 
accumulation in brain vessels may offer insight into the mech- 
anism of action of this antibody in vivo. Besides CM, in vivo 
treatment of mice with anti-integrin MAbs confers protection 
against diverse types of experimental diseases, such as diabe- 
tes, transplant rejection, encephalomyelitis, and pulmonary fi- 
brosis (reviewed in reference 36). These data imply that apart 
from their beneficial role in hemostasis, platelets should also 
be viewed as pathogenic effectors in vascular lesions. More 
recently, in vitro experiments with human cells have indicated 
a role for LFA-1 in platelet-endothelium interactions, substan- 
tiated the fusion phenomenon, and confirmed that platelets 
can potentiate the TNF-induced endothelial killing (L. Camoin 
et al., submitted for publication). 

A pathogenic role for platelets is also suspected in disorders 
other than CM: gram-negative bacterial septic shock and acute 
respiratory distress syndrome, vasculitides (e.g., systemic lupus 
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erythematosus), pulmonary fibrosis, tumor metastasis, trans- 
plant rejection, and stroke, brain hypoxia, and related condi- 
tions (reviewed in reference 64). Indeed, platelets have been 
detected during rejection episodes (70); particularly bound to 
ischemic kidney allografts (50). While both condition seem to 
involve platelets, ischemia-reperfusion (IR) may differ from 
CM in some aspects. In murine CM, the adhesion of platelets 
can be regarded as a particular type of thrombosis. Indeed, in 
this model, platelet depletion does not correlate with fibrino- 
gen consumption (96), while fibrinogen deposition is a prereq- 
uisite for platelet adhesion in IR injury (65). Interestingly, in 
human CM, fibrinogen is deposited inside the vessel lumen, 
i.e., among sequestered pRBC, leukocytes, and platelets, ra- 
ther than along the endothelial lining, the pattern seen in IR 
(Grau et al., Proc. 48th Meet. ASTMH; Mackenzie et al., Proc. 
48th Meet. ASTMH). This pattern is consistent with the data 
of murine CM and is compatible with a less important role of 
fibrinogen in CM. 

Recently, additional in vivo evidence of a pathogenic role of 
platelets has been obtained in experiments with uPAR (CD87) 
KO mice (P. F. Piguet et al., Infect. Immun, in press). These 
mice are resistant to CM when infected with Quantitative im- 
munohistochemistry for GPIIb-IIIa revealed that the platelet 
sequestration occurring in wild-type mice which develop neu- 
rological signs was prevented in uPAR KO mice. The uPAR 
deficiency did not disturb the immune response leading to 
TNF overproduction, supporting the hypothesis that platelets 
are acting as effectors of the neurovascular lesion. 

The mechanisms by which platelets act as effectors are 
potentially numerous: a pathogenic role of platelets can be 
envisaged at several levels. Platelets can alter endothelial func- 
tions in numerous ways directly and/or indirectly via a modu- 
lation of leukocyte functions and even via effects on normal 
RBC and pRBC (reviewed in reference 64). 

The relative importance of these numerous effects of plate- 
lets in CM pathogenesis remains to be established. Based on 
reports describing only the pRBC sequestration in human CM 
(2, 95), attention has focused on developing a model of pRBC 
binding. The presence of leukocytes and platelets in human 
CM lesions, however, prompts the need for studying three- 
party and even four-party-interaction models in more depth. A 
better understanding of these complex interactions leading to 
vascular injury can help us improve the outcome of this dis- 
ease. 
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